
 

Synthesis and 
 

characterization of nanomaterials for 

 

uptake of radio nuclides and toxic metal ions 
 
 
 
 
 
 
 

By 
 

JOYEETA MUKHOPADHYAYA 
 

Enrollment No. CHEM. 01201104025 
 

BHABHA ATOMIC RESEARCH CENTRE, MUMBAI 
 
 
 
 
 
 
 
 

A thesis submitted to the 
 

Board of Studies in Chemical Sciences 
 

In partial fulfillment of requirements 
 

For the Degree of 
 

DOCTOR OF PHILOSOPHY 
 

of 
 

HOMI BHABHA NATIONAL INSTITUTE  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

August 2017 



Homi Bhabha National Institute 1

Recommendations of the Viva Voce Committee

As members of the Viva Voce Committee, we certify that we have read the
dissertation prepared by Smt. Joyeeta Mukhopadhyaya entitled "Synthesis and
characterization of nanomaterials for uptake of radionuclides and toxic metal
ions" and recommend that it may be accepted as fulfilling the thesis requirement for
the award of Degree of Doctor of Philosophy.

Date:

~
Guide / Convener: Prof. A. K.Tyagi

1::Z~ 1:<. Dl.01-::'

Date:

Co-guide - (ifany)~ I

Examiner: Prof. RNlIgara~

Date:

J2.P-' '29J7"-
Date:

Member: Dr. R.Acharya

Date: \;l..I f.{ 1.L0' 1-

Member: Dr. (Mrs) J. Ramkumar Date:

Final approval and acceptance of this thesis is contingent upon the candidate's
submission of the final copies of the thesis to HBNI.

l/We hereby certify that IIwe have read this thesis prepared under my/our
direction and recommend that it may be accepted as fulfilling the thesis requirement.

~
Place: 8 ARC, T""Y") <:....,..,...,...., b c:::;.. ~ (Signature)

~. ~o..dfqpft-/Dr.A. K. Tyagl
3i\2ffi, ~ ~ ~ <met ~

Head. Nuclear & Energy Material SectIon
I . ., Htlljf.t~ 'R"'IPTI Chemistry Division
This page is to be included only for final submission after successful completion ofviyjt~.~./BAR.C.

~, ~-lIo0ot."JTrombay, Mumbai 400085.

Version approved during the meeting of Standing Committee of Deans held during 29·30 Nov 2013

j#~'~~~~LrVJq ~·~8T~
AM ~ 1- ~cr:



STATEMENT BY AUTHOR 
 
 
 

This dissertation has been submitted in partial fulfillment of requirements for an 

advanced degree at Homi Bhabha National Institute (HBNI) and is deposited in the 

Library to be made available to borrowers under rules of the HBNI. 

 

Brief quotations from this dissertation are allowable without special permission, 

provided that accurate acknowledgement of source is made. Requests for permission 

for extended quotation from or reproduction of this manuscript in whole or in part may 

be granted by the Competent Authority of HBNI when in his or her judgment the 

proposed use of the materials in the interests of scholarship. In all other instances, 

however, permission must be obtained from the author. 

 
 
 
 
 
 
                                                                                                                                                
 

(Joyeeta Mukhopadhyaya) 



DECLARATION 
 
 
 

I, hereby declare that the investigations presented in the thesis have been carried out by 

me. The work is original and has not been submitted earlier as a whole or in part for a 

degree / diploma at this or any other Institution / University. 

 
 
 
 
 

 
(Joyeeta Mukhopadhyaya) 



List of Publications arising from the thesis 
 
Journals 

 
1. Sorption characteristics of nano manganese oxide: efficient sorbent for removal of 

metal ions from aqueous streams 

 
Joyeeta Mukherjee, Jayshree Ramkumar, S. Chandramouleeswaran, R. Shukla 

and A. K. Tyagi 
 
J. Radioanal.Nucl. Chem. 297 (2013) 49–57 

 
 
 
 
2. Uptake of Cs and Sr radionuclides within oleic acid coated nanomagnetite - hematite 

 
composite 

 
Joyeeta Mukhopadhyay, Pranesh Sengupta, D. Sen, S. Mazumdar and A.K. 

Tyagi J. Nucl. Mater. 467 (2015) 512-518 

 

 

3. A comprehensive study on the uptake of dyes, Cu (II) and radioactive 
137

Cs (I) by 

sonochemically synthesized strontium / yttrium tungstate and molybdate 

nanoparticles Joyeeta Mukherjee, Dimple P. Dutta, J. Ramakumar and A.K. Tyagi J. 

Environ. Chem. Eng. 4 (2016) 3050-3064 

 

 

Conference proceedings 
 
1. Characterization of nano-magnetite developed for environmental clean-up 

 
Joyeeta Mukherjee, Sunita Dafauti, Ruby Singh, Sanjay Kumar Jha, Jayashri Ramkumar, 

A. K. Tyagi, Geogy Abraham, Pranesh Sengupta, G.K. Dey 

 
International Conference on Electron Microscopy and XXXIV Annual Meeting of 

Electron Microscope Society of India (EMSI), Kolkata (July 2013) 



2. Separation of low concentration of cesium from aqueous solution using silica coated 
 
nano- magnetite 
 
Joyeeta Mukherjee, Pranesh Sengupta and A K Tyagi 
 
Theme meeting on Chemistry in Nuclear Technology, CHEMNUT-2015, July 30-31, 
 
2015, Kalpakkam, Chennai. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Dedicated to 

 

My Beloved Maa & Baba 

 

Latika Mukhopadhyay 

 

& 

 

Arup Kumar Mukhopadhyay 



 

Acknowledgements 
 
 

It feels great satisfaction and joy to present my dissertation work and acknowledge 

those who have really matters me the most. First and foremost I would like to thank 

my research guide Dr. A. K. Tyagi, Head, Solid State Chemistry Section, Chemistry 

Division, BARC, Mumbai from the bottom of my heart for his valuable guidance, rock 

solid support, encouragement and valuable suggestions throughout my research 

work. The best part of him is optimistic attitude towards any situations has helped 

me a lot to overcome any difficulties throughout my research work. 

 
My especial gratitude to Dr. Jayshree Ramkumar, Dr. Pranesh Sengupta, Dr. 

Dimple P. Dutta, without their guidance, help and support the completion of the 

thesis would have been difficult. I have learnt a lot from them. Jayshree madam 

has first introduced me to the world of sorption studies and to work in her 

laboratory and I will always cherish the moments with her. The experience and 

knowledge I gained from Dimple maam was always very knowledgeable. The 

discussions with Pranesh sir were enriching and his active support I will always 

reminisce. 

 
I would like to thank all the doctoral committee members including respected 

chairman, Dr. S. Kapoor and earlier chairperson Dr. Shyamala Bharadwaj for 

their constructive and critical evaluation of my work during the course of the 

studies. Special thanks for valuable comments are for all the doctoral committee 

members. I would like to mention Dr. P N Pathak sir who is no more among us 

for his valuable suggestions. 

 
I am thankful to Dr. D. N. Sharma, Ex Director, and Dr. Pradeep Kumar, 

Associate Director, Health,Safety and Environmental Group, BARC, Mumbai and 

Dr. R. M. Tripathi, Head, Health Physics Division, BARC, Mumbai for allowing 

me to avail all the facilities at the division required for the completion of the work. 



 
It is also my great pleasure to thank Dr Tapas Bandyopadhyay and Dr. (Mrs) 

Vandana Pulhani for their support in carrying out the research work. My sincere 

thanks are due to Dr. P. K. Sarkar (Ex-Head, HPD) for granting me permission for 

doing this work and Dr. Pramila Sawant for her encouragement and giving me 

permission to work in her lab at any time. Special thanks to my friends’ ankita, 

seemita, moushumi, bholanath for their help. I am very thankful to my colleagues in 

BARC Vikram Joshi, Sunita Dafauti, Sanu madam, Dr.Rakesh Shukla, Mohsin, Ms. 

Kruti for helping me a lot. It is with immense gratitude that I acknowledge the 

comments, suggestions and encouragement rendered by my Doctoral Committee 

members, for their support and valuable comments. 

 
My gratitude and special thanks goes for the entire HP unit in RRCAT, Indore 

including Dr. G. Haridas (OIC), Dr. Nayak, Vijay, Sahani, Dimple, Sahu, Vipin, Dilip, 

Saleem and others for giving me a supporting environment to complete my thesis. I 

heartily acknowledge the help from P Podder Sir, Anita madam, Vikas, DG Mishra, 

Shriparna, Dr Sumit Kumar and my teachers. I thank all those who have helped me 

directly or indirectly in the successful completion of my thesis. 

 
My parents who are no more in this world are always my source of inspiration. 

Without their vocal tonic and affection, I could not have finished my work. I am 

always indebted to them for all my achievements in life.,I heartily acknowledge the 

fact that my lovely sons Turjo and Tojo has endured me in the course of my study. 

There is no need of formal words to thank my entire family including my sisters 

Lopamudra Banerjee, Gargi Chatterjee, my only brother Krishnendu Mukherjee for 

their love and continuous support. Last but not least I would like to specially thank 

my husband Tushar for his support. I am thankful to the persons who have shown 

me no interest in my work so that I have become more determined to finish my work 

 
anyway. Finally I thank My Almighty for everything. 



 
 

 CONTENTS 

SYNOPSIS I 

LIST OF FIGURES XI 

LIST OF TABLES XIV 
 
 
 
 

Chapter1: Introduction 1-30 

1.1 Introduction 2 

1. 2 Types of water sources 2 

 1.2.1 Ground-water 3 

 1.2.2 Surface water 4 

1.3 Radionuclide contamination 5 

 1.3.1  Low level waste (LLW) 6 

 1.3.2  Intermediate level waste (ILW) 7 

 1.3.3  High level waste (HLW) 7 

1.4 Properties of uranium and its effect on human health 8 

1.5 Properties of cesium and its effect on human health 10 

1.6 Properties of strontium and its effect on human health 14 

1.7 Properties of hexavalent chromium and its effects on human health 17 

1.8 Properties of copper and its effect on human health 18 

1.9 Common removal techniques used for uranium (VI), cesium (I) and 19 

 strontium (II)  

1.10 Literature survey 20 

 1.10.1 Literature survey for uranium removal 20 

 1.10.2 Literature survey for cesium removal 22 

 1.10.3 Literature survey for strontium removal 25 

 1.10.4 Literature survey for chromium and copper removal 27 

1.11 Scope of the thesis 28 

Chapter 2 : Experimental methodology and characterization techniques 31-57 

2.1 Introduction 32 

2.2 General synthesis methods for preparation of nanomaterials 32 



 
2. 2. 1 Solid state method 33 

2. 2. 2 Top down methods 33 

2. 2. 3 Bottom up methods 33 
 

2. 2. 3. 1 Synthesis of nano manganese oxide by alcoholic 34 

hydrolysis method   

2. 2. 3. 2 Co-precipitation method 35 

   2. 2. 3. 2. 1 Synthesis of nano magnetite 36 

   2. 2. 3. 2. 2 Importance of encapsulation of 37 

   nanomaterials for certain applications  

   2. 2. 3. 2. 3 Synthesis of oleic acid coated magnetite 37 

   2. 2. 3. 2. 4 Synthesis of silica coated magnetite 38 

2. 2. 3. 3 Sonochemical method 38 

   2. 2. 3. 3. 1 Synthesis of SrWO4 39 

   2. 1. 3. 3. 2 Synthesis of SrMoO4 40 

   2. 2. 3. 3. 3 Synthesis of Y2WO6 40 

   2. 2. 3. 3. 4 Synthesis of Y2(MoO4)3 40 
 

2.3 Characterization techniques 40 

 2. 3. 1 X ray diffraction 41 

 2. 3. 2 Transmission Electron Microscopy 44 

 2. 3. 3 Small Angle X Ray Scattering (SAXS) 44 

 2. 3. 4 Fourier Transform - Infra Red Spectroscopy  

 2. 3. 5 BET surface area analyzer 45 

 2. 3. 6 Dynamic Light Scattering for Zeta potential analyzer 46 

 2. 3. 7 Vibrating-Sample Magnetometer (VSM)  

 2. 3. 8 Gamma spectrometry using NaI (Tl) detector  

 2. 3. 9 UV-Vis absorption spectroscopy 47 

 2. 3. 10 Atomic absorption spectroscopy (AAS) 48 

 2. 3. 11 Inductively coupled Plasma-Atomic Emission Spectroscopy 48 

 (ICP-AES)   

2.4 Sorption Studies  50 

 2. 4. 1 Sorption isotherms 50 

   2. 4. 1. 1 Langmuir isotherm  

   2. 4. 1. 2 Freundlich isotherm 51 



 
  2. 4. 1. 3 Temkin isotherm 52 

  2 .4. 1. 4 Dubinin-Redushkevich isotherm 52 

  2. 4. 1. 5 Redlich-Peterson isotherm 53 

  2. 4. 1. 6 Sips isotherm 53 

 2.4.2 Sorption kinetics 54 

  2. 4. 2. 1 Pseudo first-order kinetic model 54 

  2. 4. 2. 2 Pseudo second-order kinetic model 54 

  2. 4. 2. 3 Elovich model 55 

  2. 4. 2. 4 Intraparticle diffusion model 55 

2.5 Error Analysis  55 

2.6 Conclusion  57 

Chapter 3:  Sorption of uranyl and other metal ions using 58-78 

nanocrystalline manganese oxide (MnO2) sorbent  

3.1 Introduction  59 

3.2 Synthesis and characterization of nano manganese oxide 59 

3.3 Sorption experiments 59 

3.4 Results and discussions 59 

 3. 4. 1 Characterization of nano manganese oxide 62 

 3. 4. 2 Sorption studies 63 

 3. 4. 3 Modeling of the data 71 

  3. 4. 3. 1 Two parameter isotherms 71 

  3. 4. 3. 2 Three parameter isotherms 73 

 3. 4. 4 Sorption mechanism 77 

3.5 Conclusions  78 

Chapter 4: Sorption of radioactive cesium and strontium on 80-117 

nanocrystalline magnetite based sorbents  

4.1 Introduction  81 

4.2 Synthesis and characterization of magnetites 83 

4.3 Sorption experiments 84 

4.4 Results and discussion 84 

 4. 4. 1 Structural and micro-structural studies 84 

 4. 4. 2 Small angle X-ray scattering studies 87 

 4. 4. 3 Zeta potential study for surface charge 89 



 
 4. 4. 4 Magnetic properties study 91 

 4. 4. 5 Iron-leaching studies  92 

 4. 4. 6 BET sorption Isotherm study 93 

4.5 Sorption studies  94 

 4. 5. 1 Effect of pH on cesium (I) and strontium (II) ion uptake 94 

 4. 5. 2 Effect of initial concentration on cesium (I) and strontium (II) 96 

 ion uptake   

 4. 5. 3 Theoretical modelling of sorption data for cesium (I) and 98 

 strontium (II) ion uptake   

 4. 5. 4 Non linear regression analysis of equilibrium isotherm models 108 

 for cesium(I) sorption on magnetites  

  4.5.4.1 Calculation of error function 109 

4.6 Sorption kinetics  113 

 4. 6. 1 Effect of time on uptake of cesium (I) and strontium (II) ion 113 

 on magnetites   

4.7 Conclusions  117 

Chapter 5: Sorption of cesium(I), strontium(II) and chromium(VI) ions 118-129 

on MnO2    

5. 1 Introduction  119 

5. 2   Synthesis and characterization of nano Manganese Di oxide 120 

5. 3 Results and discussion  120 

 5. 3. 1 Characterization results 120 

 5. 3. 2 Sorption studies  121 

  5. 3. 2. 1  Effect of pH on cesium (I) and strontium (II) ion 121 

  uptake   

  5. 3. 2. 2 Effect of initial concentration on cesium (I) and 122 

  strontium (II) ion uptake  

  5. 3. 2. 3 Theoretical modeling of sorption data for cesium 124 

  (I) and strontium (II) ion uptake  

  5. 3. 2. 3. 1 Sorption isotherms 124 

  5. 3. 2. 3. 2 Sorption kinetics 126 

5. 4 Conclusion  129 



 
Chapter 6 : Nanocrystalline molybdates and tungstates - potential 130-156 sorbents 

for removal of radio-nuclides,toxic metal ions and other species 
 

6. 1 Introduction  131 

6. 2   Synthesis and characterization 133 

6. 3 Sorption studies  133 

 6. 3. 1 Copper removal experiments 133 

 6. 3. 2 
137

Cs uptake experiments 134 

 6. 3. 3 Dye sorption studies 134 

6. 4 Results and discussion 134 

 6. 4. 1 Characterization results 134 

 6. 4. 2 Sorption of Cu (II) ions 139 

 6. 4. 3 Sorption of 
137

Cs ions 141 

 6. 4. 4 Sorption of Dyes 142 

  6. 4. 4. 1 Influence of pH 145 

  6. 4. 4. 2 Influence of initial concentration of dye 146 

  6. 4. 4. 3 Influence of weight of sorbent 146 

  6. 4. 4. 4 Selective sorption of RhB by SrWO4 146 

 6. 4. 5 Isotherm studies 147 

 6. 4. 6 Kinetic modeling 149 

 6. 4. 7 Insight of sorption mechanism based on sorbent structure 153 

 6. 4. 8 Regeneration of sorbents 155 

6. 5 Conclusion  155 

Chapter 7: Summary and Future Scope 157-162 

References   163-184 



 



 

Synopsis 
 
 

Rapidly growing urbanization of the global scenario and related living standard of 

present time drives human beings to use a smarter way to deal with the related 

environmental problems. One major problem with the technological upgradation of this 

century is ever increasing need to supply decontaminated ground water and surface water 

as well as other unconventional sources of waters which are generated due to 

anthropogenic activities. The challenges ahead for the mankind are accentuated global 

warming, pollution of total environment and hence related health hazards. For industrial 

sources it is mainly toxic metal ion contamination and for nuclear industry it is 

radiological waste. In this scenario, nanotechnology has vast potential for the removal of 

toxic metal ions and low level radiological waste treatment. Recently Fukushima nuclear 

accident showed the direct application of nanomaterials by using magnetic nanomaterials 

for area decontamination due to cesium radioactivity [1, 2]. About 130000 Bq of cesium 

activity contaminations were reported according to Tokyo Electric Power Company 

(TEPCO) [3]. Maximum radioactive cesium decontamination of the affected area was 

done by encapsulated magnetite. At the nanoscale level the advantages over conventional 

materials are high surface area to volume ratio, increased porosity, regeneration of the 

same materials, cost effectiveness and high efficiency for the waste water purification 

and subsequent treatment [4-7]. Although, there are several other removal techniques 

such as ion exchange method, membrane filtration, chemical precipitation 

electrochemical deposition, coagulation-flocculation, flotation [8,9] etc. Sorption by 

nanomaterials is gaining the importance due to their superior powder properties. Among 

the various types of nanomaterials, oxide-based nanomaterials have been used for 

adsorption studies of heavy metal ions [10-12]. 
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Nanomaterials are defined as the materials as smaller than 100 nm in size at least in one 

dimension [13]. However, if the size becomes very small (e.g. less than 10 nm), the 

surface energy becomes very high, which results in agglomeration and in turn the high 

efficiency of nanomaterials is decreased. To overcome this problem, encapsulation 

(capping) of the nanomaterials is required to lower the surface energy [14]. 
 

In nuclear reactors, 
137

Cs and 
90

Sr are produced as fission products. 
137

Cs is highly 

gamma radioactive with a half life 30 years. It emits high gamma energy of 662 keV.
90

Sr 

is a fission product having a half-life of 28 years which is generated in the nuclear fuel 

cycle and has to be separated from nuclear waste. Similarly, most of the tannery 

industries discharge hexavalent chromium in wastewater, whereas copper and hexavalent 

chromium are among the list of toxic metals by-products from metal plating industry. 

Higher concentration level of heavy metals, more than the safe permissible limit, is lethal 

and detrimental for living beings. Thus the treatment of heavy metals is of special 

concern due to their recalcitrance and persistence in the environment [15].The worst 

example of chromium contamination in groundwater in history till date happened in 

California, USA. [16]. Epidemiological data of cancer patients surrounding the 

contaminated area of California, USA is still higher than the background data [17]. 

Objective of the present study includes synthesis and characterization of porous high 

surface area nanomaterials and their sorption study for radionuclide (cesium- 137, 

strontium- 90 and uranium) and toxic metal ions (hexavalent chromium and divalent 

copper). 
 
In this study, the simple metal nano-oxides as well as encapsulated nano-oxides have 

been synthesized for uptake study. Convenient bottom-up methods such as co - 

precipitation, alcoholic hydrolysis and sonochemical method were employed for 

synthesis of various nanomaterials. The synthesized nanomaterials such as manganese 

 

II 



 
dioxide, magnetite, oleic acid coated haematite-magnetite composite materials, silica 

coated magnetite, strontium molybdate, strontium tungstate, yttrium tungstate and 

yttrium molybdate were characterized by FT-IR spectroscopy, Transmission Electron 

Microscopy, X-Ray Diffraction, BET surface area analyzer and Dynamic Light 

Scattering for zeta potential analyzer. Finally, uptake studies were performed using all 

this nanomaterials. Inductively Coupled Plasma –Atomic Emission Spectroscopy , 

Atomic Absorption Spectroscopy and UV-Vis Spectrophotometric techniques were 

employed for analyte’s concentration determination. 

 
The studies carried out in the present work have been presented in different chapters. A 

brief overview of each chapter is given below. 

 

 

Chapter1: Introduction 

 
This introductory chapter gives an overview about the different sources of water like 

surface and groundwater, their contamination and radiological waste water treatment 

procedure for radio nuclides like cesium, strontium and uranium. The industrial effluent 

like hexavalent chromium and divalent copper contamination and their removal 

techniques have also been discussed. Among all the reported methods the sorption 

technique has been widely used for uptake studies of the above species. The chapter will 

give an insight into the different removal methods of cesium(I), strontium(II), 

uranium(VI), hexavalent chromium and copper(II) which have been used in literature. It 

will be emphasized that why it is necessary to remove these species from the waste water 

matrices. Different nanomaterials used by the earlier workers, their advantage and 

disadvantages over the other separation methods have also been discussed. 
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Chapter 2: Experimental Methodology and Characterization Techniques 

 
In this chapter, different methodologies for synthesis and characterization of the 

nanomaterials have been discussed. Different oxide nanomaterials in powder form have 

been synthesized via co-precipitation, alcoholic hydrolysis, and sonochemical method. 

The detailed methodology of these synthesis processes has been discussed. For 

characterization of the synthesized materials, X-ray diffraction (XRD), Fourier 

Transform - Infra Red Spectroscopy, Transmission electron Microscopy, BET surface 

area analysis, Dynamic Light Scattering for Zeta potential analysis techniques have been 

employed. Basic theory and methodology of these characterization techniques have been 

elaborately discussed also. The sorption behaviors of nanomaterials are investigated by 

measuring remaining concentration of metal ions in solution after the uptake for a 

specified time. For this purpose, Atomic absorption spectroscopy (AAS), inductively 

coupled Plasma-Atomic Emission Spectroscopy (ICP-AES), UV-Vis absorption 

spectroscopy has been used. The detailed description of these analytical techniques has 

been discussed. Standard Radioanalytical technique of analysis has been used for 

analysis of the sorption of radioactive cesium(I) ions onto various synthesized nano-

sorbents. The activity at fixed time intervals was measured by gamma spectrometry using 

NaI(Tl) detector. The analytical techniques and instrumentation used for the 

radiochemical assay was based on standard procedures as described in USEPA. [18]. 

Basic theory behind the gamma spectrometry has also provided here. 

 
Chapter 3: Sorption of uranyl ions using nanocrystalline manganese oxide (MnO2) 
 
sorbent 

 
In this chapter, sorption of uranyl along with interference of transition metal ions using 

nano manganese oxide (MnO2) has been discussed [19]. Nanocrystalline manganese 

oxide was prepared and characterized using various techniques such as XRD, surface 
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area analyzer and zeta potential measurements. Nanocrystalline manganese oxide was 

prepared by the hydrolysis of KMnO4 and it was found to have a size of about 8 nm and 

surface area of 145 m
2
/g. The sorption characteristics with respect to uptake of various 

metal ions including uranyl ions have been evaluated. Various experimental conditions 

which affect the sorption characteristics have been studied. Due to the high surface area, 

the sorption property of the nano MnO2 was found to be excellent. Effect of pH, initial 

ion concentration and time for equilibration has been studied in batch mode sorption 

experiments. It has been observed that maximum uptake for the different metal ions 

differ significantly, thus providing a means for separating the metal ions from one 

another. At lower pH values, the uptake is low and with increasing pH, it increases and 

reaches a maximum at the particular pH. It was found that the quantitative sorption was 

achieved at different pH values and with varying time of equilibration. Thus it is seen 

that the kinetics was an important aspect for the separation of metal ions. The kinetic and 

equilibrium modeling of the data was performed to establish the above fact. 
 

Chapter 4: Sorption of radioactive cesium(I) and strontium(II) on nanocrystalline 
 

magnetite based sorbents 

 
This chapter discusses the sorption of cesium(I) and strontium(II) onto magnetite and 

encapsulated magnetites [20]. Magnetite, silica coated magnetite and oleic acid coated 

magnetites have been used for cesium and strontium uptake studies. Nano-sized magnetic 

composite comprising of nanomagnetite - nano hematite (oleic acid coated magnetite) 

has been synthesized for uptake of cesium(I) and strontium(II) ions from low level 

environmental effluents in effective decontamination from waste water. Synthesis of 

material was based on co-precipitation route and in situ coating of oleic acid/or tetra 

ethyl ortho silicate (TEOS) for silica coating on magnetite nanocomposite was imparted. 

Magnetic properties were studied for both the uncoated as-prepared and coated 
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nanocomposite materials. The magnetization curves showed no hysteresis or remnant 

magnetization. All the materials exhibited super-paramagnetism. Saturation 

magnetization of the coated nanocomposites were found to be 30 emu/g whereas for as-

prepared nanocomposite it was 64 emu/g. Detailed characterization of the materials was 

carried out by X ray diffraction , transmission electron microscopic techniques and zeta 

potential analyzer. The grain sizes were found to vary between 10 and 15 nm range. 

Sorption experiments on cesium(I) and strontium(II) were carried out by batch mode 

equilibrium study. The uptake studies were performed by Atomic Absorption 

Spectroscopy for cesium ions and Inductively Coupled Plasma Atomic Emission 

Spectroscopy (ICP-AES) for strontium ions. Size distribution of the particles was 

measured using Small Angle X ray Scattering (SAXS) technique. Shifting in weak 

repulsive potential facilitates to enhanced sorption for a longer period of time under 

stable conditions in comparison to the uncoated nanocomposite which tends to form 

larger aggregates. 

 

 

Chapter 5: Sorption of cesium(I), strontium(II) and hexavalent chromium ions on 
 
MnO2 

 
This chapter has been divided by two sections. The first section contains sorption of 

hexavalent chromium onto nano manganese di oxide. The other section contains sorption 

of cesium(I) and strontium(II) onto nano manganese oxide. 

 
Hexavalent chromium, Cr (VI) is a known carcinogenic heavy metal ion which is 

present in industrial waste water and effluent treatment plants. Porous nanomaterial 

cerium oxide (nano ceria) and manganese di oxide were used for effective removal of 

hexavalent chromium from synthetic aqueous solutions. The effect of various 

experimental parameters such as pH, initial concentrations, and contact time. The 
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removal was found to be pH dependent. Different isotherm models like Langmuir, 

Freundlich, Temkin, Redlich- Peterson, Dubinin–Radushkevich and Sips models were 

tested to describe the equilibrium isotherms. All the model parameters have been 

reported for the sorption models used. 

 
Nano crystalline MnO2 was prepared, as discussed earlier. Sorption experiments for 

cesium(I) and strontium(II) show good removal efficiency in reasonable time (1 hr). 

Selective removal of cesium(I) at pH 6 and Strontium(II) at pH 4 has been observed. The 

experimental results of equilibrium and kinetic parameters for cesium and strontium 

sorption have been presented in this chapter. 

 

 

Chapter  6:  Nanocrystalline  molybdates  and  tungstates:  Potential  sorbents  for 
 

removal of radio-nuclides, toxic metal ions and other species 

 
Several samples such as SrWO4, SrMoO4, Y2WO6 and Y2Mo3O12 nanoparticles have 

been synthesized via a facile sonochemical route. The samples obtained have been 

extensively characterized using powder XRD and TEM. The surface area and surface 

charge of the nanoparticles have been determined from BET adsorption isotherm of N2 

and zeta potential studies, respectively. Sorption characteristics of all the samples have 

been analyzed for uptake of heavy metal Cu(II) ion, radioactive 
137

Cs (I) ,and cationic 

dye (Rhodamine B, Methylene blue [21]. The effect of pH, concentration of dye and 

loading of sorbent on the process of adsorption has been investigated. SrWO4 could be 

used for the selective removal of RhB from a mixture of RhB and MB dyes. The dye 

sorption process for all samples has been discussed using Langmuir and Freundlich 

models. Kinetic studies indicate that the adsorption behavior obey the pseudo second 

order rate law. The rate determining step has been elucidated from the Webber Morris 

and Boyd plots. Thermal regeneration of the dye loaded sorbents is easily possible and 
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similar adsorption efficiency up to six consecutive cycles has been demonstrated. For the 

Cu (II)/Cs (I) loaded samples, pH variation leads to efficient regeneration of the sorbents. 

A comparative study on the uptake properties of all four sorbents for dyes and toxic 

heavy metal ions indicates that the efficiency of the sorption process depends on the 

surface charge as well the inherent crystal structures of the materials. It could be inferred 

that sonochemically synthesized Y2Mo3O12 nanoparticles exhibits superior sorption 

characteristics for uptake of dyes, heavy metal ions like Cu(II) and radioactive 
137

Cs(I) 

ions. 

 
 
Chapter 7: Summary and future scope 

 
Uranium, radioactive cesium and strontium, hexavalent chromium and copper removal 

from synthetic low level liquid waste were carried by a series of nano materials. Suitable 

convenient bottom-up methods such as combustion, co -precipitation, and sonochemical 

method were employed for synthesis of various nanomaterials. However, other method of 

synthesis can be used for a better size tuning properties. Further work can be done on the 

reproducibility factor of synthesis. The powder form can be modified to an extent so that 

it can be used in column experiment also with a varied range of pH. 
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Chapter 1 
 

 

Introduction 



 



1.1 Introduction 

 
We do not inherit the Earth from our Ancestors; we borrow it from our Children. This ancient 

American Indian proverb correctly warns the human kind about the future of rapid urbanization 

of the global scenario for sustaining in a clean environment and pollution free surroundings. One 

major problem with the technological upgradation of this century is, ever increasing need to 

supply decontaminated ground water and surface water as well as other unconventional sources 

of waters which are generated due to anthropogenic activities. 

 
1.2 Types of water sources 
 
 
Broadly, there are two main types of water sources, namely ground-water and surface water. 

Ground-water is the water present below the ground surface that saturates the pore space in the 

subsurface. It is formed by recharge of the saturated zone of earth through precipitation. The 

layer of soil near the land surface, which has still not yet completely saturated by the infiltrated 

water, is the other zone, called the unsaturated zone or vadose zone from which vegetation takes 

up most of the water. In this zone, the majority of soil pore spaces are filled by air. Below the 

unsaturated zone, where all the pore spaces between geologic materials are filled with water, is 

called the saturated zone, and the term ‘ground-water’ is generally used to describe this water-

filled region [1]. Shiklomanov [2] in 1998 on behalf of the United Nations Educational, 

Scientific and Cultural Organization has published an article on Earth’s water content, this states 

that freshwater in the form of ground-water contributes to 30.1% and surface water contributes to 

only 0.3% of the total freshwater on Earth. Earth’s total water contents have been shown in 

diagrammatical representation in Fig.1.1. Surface water, though in less percentage of the total 

freshwater, fulfills the 80 % of the world water need [2]. 
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1.2.1 Ground-water is a part of natural water cycle. It can spread throughout the cycle and if 

contaminated, can cause damage to aquatic and human health. As it is formed from the 

infiltration of surface water; it is therefore a strong possible scenario of pollution of surface 

water also. For example, Fitts [3] documented that ground-water can be polluted by chemical 

fertilizers and pesticides used by farmers on the crops, a leaking underground pipeline or tank, a 

spill into a drain at a factory, or leaking of waste chemicals. In addition, ground-water is limited 

so over extraction of ground-water will lead to geological and ecological problems. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1.1: Earth’s water contents [2] 

 
All the ground-water used for the provision of fresh water for human use is extracted from the 

aquifer, which is an underground layer capable of yielding ample ground-water. The aquifers are 

recharged continuously by water infiltrating downwards through the vadose zone. Therefore, 

depletion of ground-water may never happen theoretically [4]. 
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1.2.2 Surface water charging happens through precipitation and melting of snow and glaciers, 

but discharging occurs when evaporation and infiltration into the ground-water takes place. 

Surface water consists of the water on the Earth’s surface, like in rivers, lakes, oceans, or 

artificial reservoirs. 

 
Numerous human activities and natural processes are the main source of ground-water pollution 

where different industries largely contribute for the same [5].Contaminations found in the 

ground-water cover a broad range of physical, chemical, pathological (due to bacteria, 

pathogens) and radiological contaminants which can change the water quality parameters. Waste 

from different industrial area is often dumped near the factories, which percolates through 

rainwater and reaches the ground-water level. The running water picks up maximum dissolved 

constituents and reaches the aquifer system and contaminates the ground-water [6]. According to 

World Health Organization (WHO) [7], safe drinking-water, should not have significant risk to 

health over a lifetime of consumption, including different sensitivities that may occur between 

life stages and it should be free from any toxic elements, living and nonliving organism and 

excessive amount of minerals which are hazardous to health. The quality of ground-water 

depends on a large number of individual hydrological, physical, chemical and biological factors. 

Generally as higher proportions of dissolved constituents are found in ground-water than in 

surface water because of greater interaction of ground water with various materials in geologic 

strata, ground-water contamination is comparatively more studied than surface water 

contamination. Even the heavy metals like chromium, copper though essential to human beings, 

but large quantities of them in ground-water may cause severe physiological disorders. The 

toxicity, non-degradable behavior and their accumulation in living organism in Environment 

make them harmful for human being. Toxic metal ion contamination is mostly related to various 
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industrial sources. These challenges ahead for the humankind are accentuated global warming, 

pollution of total environment and hence related health concern for present and the future 

generations to come. 

 
1.3 Radionuclide contamination 
 
 
With the ongoing demand for power generation, nuclear power has taken a key role for 

generating power production. Various nuclear power plants are operating throughout the world 

to supply the power need. India is also operating 21units of nuclear power plants for power 

generation and several units are under construction. Power generation profile from the start of 

the nuclear programme in India as of now [8] is shown in Fig.1.2. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig.1.2. India’s nuclear power capacity as a function of time [8] 
 

 

Nuclear power plants produce radioactive waste in the form of solid, liquid or gas. The 

increasing growth of power generation by nuclear industry and use of radio nuclides for other 

applications are the source of radioactive waste [9]. The primary source of radioactive waste in 
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nuclear industry are the mining and milling of uranium, enrichment, fuel fabrication, spent fuel 

reprocessing, operation of nuclear power plants, decontamination and decommissioning of 

nuclear facilities. Institutional uses like in the field of medicine, industry, agriculture, research 

reactors and test facilities also play some role in the production of radioactive waste [10, 11]. To 

safeguard the public health of present and future generations, the proper method of radioactive 

waste management has been given by the International Atomic Energy Agency (IAEA). 

Different methods which have been used for the radioactive liquid waste treatment include 

volume reduction of liquid waste to concentrate and to convert it to a solid form and also 

removal of radioactive ions from the solution by chemical precipitation, sedimentation, ion 

exchange, thermal evaporation, membrane permeation etc. [12-14]. It may be noted that nuclear 

power is a large-scale energy-producing technology which takes full responsibility for all its 

wastes. The amount of radioactive wastes is very small relative to wastes produced in other 

industry and nuclear wastes are neither particularly hazardous nor hard to manage relative to 

other toxic industrial wastes [15]. 

 
In India, along with IAEA categorization, radioactive waste has been categorized depending 

upon the level of concentration of radioactivity [16, 17], such as: 

 
1.3.1 Low level waste (LLW) 
 
 
The waste containing radioactivity of less than millicurie/L is called low level waste (LLW). It 

does not require shielding during handling and transport and is suitable for shallow land burial. 

Before disposal, the waste is usually compacted or incinerated in order to reduce its volume. It 

comprises some 90% of the volume but only 1% of the radioactivity of all radioactive waste. 
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1.3.2. Intermediate level waste (ILW) 
 
 
Intermediate level as the name suggests, contains higher radioactivity than low level waste but 

not greater than high level waste. Intermediate level waste (ILW) is the category of nuclear waste 

which contains the radioactivity in the range of millicuries/L to curie/L. As a waste management 

procedure it is concentrated in solid matrices and stored in shallow trenches. Mainly used ion 

exchange resins falls in this category. 

 
1.3.3 High level waste (HLW) 
 
 
The nuclear waste containing radioactivity of greater than curie/L called high level waste 

(HLW). It contains the fission products and transuranic elements, generated in the reactor core. It 

is highly radioactive, generates considerable amount of heat and requires interim cooling as well 

as special shielding. HLW consists of 95% of the total radioactivity produced in the process of 

nuclear power plant operation. There are two distinct kinds of HLW, viz., used fuel itself and 

separated waste from spent fuel reprocessing. 

 
HLW contains both long-lived and short-lived radioisotopes depending on the length of time it 

takes for its radioactivity of a particular radionuclide to decrease to the level that is considered 

non-hazardous to the people and to the surrounding Environment. The separation of short-lived 

fission products from long-lived actinides is considered as the primary step for waste 

management and disposal of HLW. Generally, vitrification, ion exchange, and chemical 

precipitations are the conditioning processes adopted for the high, intermediate and low level 

waste management respectively [18, 19]. All the power plants operate on a closed or open fuel 

cycle depending on the reprocessing or direct disposal of the used fuel. Some countries like 

United States of America (USA) and few European countries had contemplated to adopt deep 

geological repository facility for direct waste disposal without reprocessing the used fuel and 
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India had adopted fuel reprocessing method for further recovery of radioisotopes in future 

application [15]. During the spent fuel reprocessing stage maximum radioactivity containing 

waste is generated.Aqueous radioactive waste containing low activity with short half lived 

nuclide are stored up to 6-7 half-lives to diminish their decay heat and subsequently on decay to 

exclusion limit, they are discharged in the environmental pathways according to concerned 

regulatory authorities guidelines. The highly radioactive nuclides and/or long-lived nuclides are 

treated by different chemical treatment, viz. chemical precipitation, filtration, ion exchange, 

reverse osmosis, solvent extraction etc. The most important isotopes which have Environmental 

and severe radiological significance found in the radioactive waste effluents during reprocessing 

of fuel are cesium, strontium and uranium [20]. Among them, the two fission products, viz.
137

Cs 

and 
90

Sr and the actinide uranium are the most studied radionuclides due to their characteristic 

chemical and radiological toxic properties. 

 
1.4 Properties of uranium and its effect on human health 
 
 
Uranium is a radioactive metallic element and its compounds are more chemically toxic than its 

radio toxicity. Biological effects due to uranium are similar to that of heavy metals. As it is more 

chemically toxic due to its chemical stability of oxidation state so it is nephrotoxic. Its toxicity 

due to radioactivity is less than its chemical toxicity, however, if ingested it may have a 

radiological effect on other tissues of deposition also [21]. The chemical toxicity of soluble 

uranium compounds such as uranyl cations can even surmount the potential radiotoxic effects. 

Greatest health risk occurs due to severe damage to kidneys. Accumulation of uranium in bones 

occurs and in humans if accidentally ingested, 99% excretion from the body occurs through urine 

and fecal but if inhaled or absorbed through skin, it causes nausea, headache, severe diarrhea 

 
[22] and even lung cancer. The World Health Organization (WHO) [23] considers it as a human 
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carcinogen and limit the maximum uranium concentration in drinking waters should be less than 

15 µgL
-1

 whereas Environmental Protection Agency (EPA), USA [24] has set the maximum 

level of uranium in drinking water as 30µgL
-1

. The permissible discharge levels for nuclear 

industries range from 0.1 to 0.5mgL
-1

[25]. During the production of yellow cake (U3O8) which 

is the final product in the extraction of uranium from its ores and its subsequent milling and 

chemical processing produces large amounts of solid and radioactive liquid waste. Hazardous 

elements such as uranium and daughter products of uranium decay chains are the main waste 

from these, which eventually leach in the ground-water in concentration which exceeds the 

normal protection standards [26]. Natural uranium is a mixture of three isotopes, viz., 
238

U 

(99.27%), 
235

U (0.71%) and 
234

U (0.004%). Abiotic and biotic environmental forms e.g. in 

soils, rocks, seas, oceans and microorganisms contains uranium which is naturally occurring, 

ubiquitous, lithophilic in nature [27]. Its physical appearance is heavy, silvery-white and ductile. 

In terms of radioactivity it is weak radioactive and has very long half-life of nearly 4.5 billion 

years. It is strongly electropositive and slightly paramagnetic metal exhibiting poor electrical 

conductivity. Uranium can exist in five oxidation states viz., 2+, 3+, 4+, 5+ and 6+. The stable 

naturally occurring form of uranium is U3O8. In presence of air uranium metal becomes coated 

with a layer of oxide. Under reducing aquatic environment, 4+ state of uranium is the most found 

in its ores but lead to low concentration due to formation of its low solubility aqueous complexes 

whereas in oxidized aqueous medium+6 state mainly occurs as uranyl cations [28]. This is quite 

evident from the pH speciation graph [29] stated in Fig. 1.3. 
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Fig.1.3: pH speciation graph with percent concentration of uranium ["Reprinted (adapted) 
with permission from [29], Copyright (2008) American Chemical Society."] 
 

The abundance of uranium in the Earth’s crust is 4 x10
−4

 percent by mass [30]. Uranium (III) is 

reasonably stable and forms series of hydroxides, hydrated fluorides and phosphates of low 

solubility. In the near surface zone it can migrate considerably due to the stability of hexavalent 

uranium in aqueous environment. However, it is precipitated through reduction to tetravalent 

form or in the form of minerals of uranium, mainly phosphates, vanadates, silicates, arsenates, 

and oxyhydroxides, large amount of which may occur simultaneously at the same locality. 

Solubility and dissolution of these complexes will be the main deciding factor about the amount 

of uranium released to ground or surface waters from these secondary sources which is heavily 

dependent on pH and water composition [31]. 

 
1.5 Properties of cesium and its effect on human health 
 
 
The most common product of nuclear fission is cesium-137 (Scheme 1.1.). Radio cesium in the 

environment is likely to be present mostly due to nuclear accidental fallout. The nuclear 

accidents of ‘Three mile Island’ in 1976[32], ‘Chernobyl’ accident in 1986 [33] and recently 

‘Fukushima daichhi ‘accident in 2011 in Japan [34, 35] have also contributed in increasing the 
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level of radionuclide concentration in soil and aquatic water system. 
137

Cs emits beta in the first step 

of its decay mode to produce 
137

Ba which emits relatively strong gamma radiation of energy 
 
662 KeV (Scheme 1.2.) with half-life of 30.4 years (Table 1.1). Serious environmental public 

health threat for 
137

Cs is due to its highly water solubility, property, high transportability via the 

atmosphere, long half-life, easy movability within aqueous media, large bioavailability, readily 

distributable property in the body, especially in the muscle tissues and readily assimilated by 

terrestrial and aquatic organism [36,37]. EPA, USA has established a maximum radioactive 

contaminant level of 4 millirem per year for man-made radionuclides’ in drinking water. 
137

Cs 

would be considered under this Maximum Concentration Level (MCL) [38]. Physical appearance 

wise cesium-133 is soft, silvery white-gray. The natural source, providing the greatest quantity of 

cesium, is the rare mineral pollucite [39]. Cesium is a metal but which melts at a relatively room 

temperature and/or low temperature of 28 ºC. Therefore, like mercury, it is liquid at moderate 

temperatures and as most of the alkali metals; it reacts explosively in contact with cold water. 
 
The concentration of cesium in the earth’s crust found to be 1.9 mg kg

-1
, and the concentration in 

seawater is nearly 0.5ȝgkg-1
. Naturally occurring cesium is entirely non-radioactive. It is a highly 

electropositive, and in turn forms ionic bonds with nearly all inorganic and organic counters on 
 
ions. Cesium exposure can be through ingestion and inhalation. The biological half-life is 110 

days which means that half of the 
137

Cs will be excreted after 110 days. Excess water intake to 

the body will reduce excretion time to some extent but if ingestion occurs, due to the water 

soluble property of cesium it will reach digestive tract through blood stream and remain there for 

a long period and potentially irradiate living tissues with high gamma energy of 662 KeV. Due to 

chemical similarity with potassium [40-42] it affects the potassium levels which are an integral 

part of human body, in addition to its radiation effects on the various body tissues. It may 
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exchange potassium with radio cesium in the body, thus creating imbalances in the system. A 

high dose of radioactive 
137

Cs can induce medullar dystrophy and disorders of reproductive 

function [43]. Essentially, all ingested cesium is first absorbed into the blood stream through the 

intestines, so damage to the related organ start by initiating radiation induced chemical reactions 

in the tissues which lead to negative health effects including carcinoma of the liver, kidney, 

bladder, renal functions, cardiovascular disease and gastrointestinal distress [44, 45]. Several 

diseases have been reported due to the adverse effect of cesium radio toxicity. Therefore, its 

removal from the waste streams is the main priority for any radioactive waste management’s 

system, before discharging it to the water body for minimizing water pollution and safety to the 

public health. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Scheme 1.1: Formation 
137

Cs and 
90

Sr in the nuclear fission reaction in the nuclear reactor 
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Table1.1: A few common radionuclides, their half-lives and mode of decay along with 

energy (MeV) 

 

Radionuclide Half life Mode of decay and energy (MeV) 

89Sr 54days ȕ(1.46),Ȗ(0.390) 

90Sr 28.8 years ȕ(0.546) 

134Cs 2.2 years Ȗ(0.604),0,795 

137Cs 30.1 years ȕ(0.52),Ȗ(0.662) 

    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Characteristic X- Rays 
 
 
 

Scheme 1.2: Decay scheme of 
137

Cs [46] 
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1.6 Properties of strontium and its effect on human health 
 
 
Another most important fission product from nuclear waste normally considered by the EPA, 

USA [47, 48] detrimental to the environment is strontium-90. In the environment higher 

percentage of 
90

Sr is present due to above-ground nuclear test explosions carried out during the 

1950s and 1960s. Other than this, the application of highly energetic radiation in space vehicles, 

commercial use in certain optical materials, pyrotechnic devices etc also play a part in total 

global strontium contamination [49]. 
90

Sr has a half-life of 28.7 years and it is a strong ȕ-emitter 

of 0.546 MeV energy (Table 1.1). Its progeny (
90

Y, decay energy 2.28 MeV) has the radiating 

effect of ionization for 100 years [50, 51]. It has high fission yield of 5-6% from slow neutron 

fission of 
235

U.The chemical properties of strontium-90 are similar to calcium [52,53], so when 

entering into the human body, due to the chemical similarity of alkaline earth metal [54], 

strontium-90 can easily replace calcium, an essential part of bone structure [55]. Normal 

pathway for strontium absorption by the human body is through alimentary canal and it 

accumulates in the liver, lung and kidney [56-59]. 
90

Sr decays to radioactive yttrium (Scheme 

1.3), which stays in hypophysis and ovaries and thus disrupting hormonal development and 

growth in infant. In a nutshell, long half-life, high solubility and biotoxicity of strontium attract 

special attention for immediate separation and removal of strontium from the waste solution. 
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Scheme 1.3: Decay scheme of 
90

Sr 
 
Physical appearance wise strontium is a soft, silver-yellow, alkaline-earth metal which has three 

allotropic crystalline forms and it has similar physical and chemical properties like other alkaline 

earth metals such as calcium and barium. It reacts with water within a second and also quickly 

reacts in air, so air and water contamination is strictly avoided for its proper storage. Strontium 

when in contact with air burst into flame. As it is extremely reactive to air, this element always 

naturally occurs combined with other elements and compounds. Its high-energy radiation has 

been used to generate an electric current in space vehicles, remote weather stations and 

navigation buoys. The sulfate mineral celestite (SrSO4) and the carbonate strontianite (SrCO3) 

are the two most common form of natural strontium [60]. The human body contains 

approximately 4.6 ppm, seawater contains 8 ppm strontium on an average where as river water 

generally contains about 50 ppb of strontium. When dissolved in water strontium mainly occurs 

as hydrated Sr
2+

ion or hydrated SrOH
+
ion. It slowly reacts with water, but faster than calcium 

and slower than barium to form strontium hydroxide and hydrogen gas. It can exist in two 

oxidation states, viz., 0 and +2. Under normal environmental conditions, only the +2 oxidation 
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state is stable which readily reacts with both water and oxygen [61, 62]. There are 26 isotopes of 

strontium, out of which four occur naturally. These four stable isotopes, viz., 
84

Sr, 
86

Sr, 
87

Sr, 

and 
88

Sr, are commonly referred to as stable strontium. The most important radioactive isotopes, 

viz., 
89

Sr and 
90

Sr are formed during nuclear reactor operations and during nuclear explosions 

by the nuclear fission of 
235

U or 
239

Pu [63]. 
235

U is split into smaller atomic mass fragments 

such as 
90

Sr by a nuclear chain reaction initiated by high energy neutrons of energy 

approximately 1 MeV (Scheme 1.1). 
 
According to EPA, USA the average concentration of strontium-90 which is assumed to yield 4 

mrem/year is 8 picocuries per liter. If other radionuclides which emit beta particles and photon 

radioactivities are present, the sum of the annual dose from all the radio nuclides must not 

exceed 4 mrem/year. 

 
Apart from the radioactive waste from nuclear industry, there are industrial sources of toxic 

metal ion pollutants which are detrimental to the human being. Most of the tannery industries 

discharge hexavalent chromium in wastewater, whereas copper and hexavalent chromium are 

among the list of toxic metals by-products from metal plating industry. Higher level of heavy 

metals concentration, more than the safe permissible limit, is lethal and detrimental for living 

beings. Thus the treatment of heavy metals is of special concern due to their recalcitrance and 

persistence in the environment [64]. The worst example of chromium contamination in ground-

water in history till date happened in California, USA [65]. The epidemiological data of cancer 

patients surrounding the contaminated area is still higher than the background data [66].The 

heavy metals is a general term used to address group of metals and metalloids, naturally 

abundant in earth crust with atomic density greater than 4000 kg/m
3
 or five times more than 

water [67] or elements having atomic weights between 63.5 and 200.6, and with a specific 
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gravity greater than 5.0 [68]. Exposure to heavy metals, even at trace level, is believed to be a 

risk for human beings [69-71]. In developing countries heavy metal waste water are directly or 

indirectly discharged into the water body and from water body contamination happens through 

drinking water route and intake of food chain. Various industries such as leather and tannery , 

chemical handling industries like ceramics , electroplating, paints, fertilizer industry generate 

heavy metal such as chromium, lead, cadmium, arsenic, copper, iron, manganese, nickel, 

mercury, and cobalt among others. Tanneries discharge chromium in wastewater; metal plating 

industries produce copper, chromium, zinc, and cadmium; the production of electrical equipment 

and mining, smelting, and fossil fuel combustion contribute to mercury pollution; and lead is 

discharged from a number of industrial and mining sources. Most of the wastewaters contain 

higher concentration level of heavy metal than the safe permissible limit that might result in 

lethal for public. These metals are not bio degradable and so accumulate in the living organism. 

Among the several heavy metal ions hexavalent chromium and copper removal has been studied 

in the present thesis. 

 
1.7 Properties of hexavalent chromium and its effects on human health 
 
 
Chromium is a naturally occurring element found in rocks, animals, plants, soil, and in volcanic 

dust and gases. Chromium is present in the environment in several different forms. The most 

common forms are chromium (0), trivalent (or chromium (III)), and hexavalent (or chromium 

(VI)). Chromium (III), however, is an essential nutrient for humans. It has no taste or odor, 

neither it is readily soluble in water nor does it bind to soil. It has high potential for accumulation 

in aquatic life. Cr (VI) is more toxic than Cr (III). Cr (VI) affects human physiology, 

accumulates in the food chain and causes severe health problems ranging from simple skin 

irritation to lung carcinoma [72]. The essential heavy metals viz. Cu, In, Fe, Mn and Mo play 
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biochemical and physiological functions in plants and animals. Two major functions of essential 

heavy metals are: (a) Participation in redox reaction, and (b) Direct participation, being an 

integral part of several enzymes. Major sources of chromium contamination are electroplating, 

corrosion  control,  leather  tanning  industries,  paints  and  pigments  industry,  photography, 

fungicide industry and ceramics or glass manufacturing [73, 74]. The hexavalent form, reported 

to be five hundred times more toxic than the trivalent one [75], is classified as a known human 

carcinogen  that  modifies  the  DNA  transcription  process  causing  important  chromosomal 

aberrations [76, 77]. Also, it can cause kidney and gastric damage and epidermal irritation. The 

structural similarity of Cr(VI) anions to biologically important inorganic anions, such as SO4
2-

may lead it to easily transverse cell membranes via the sulfate transport system. Less 

 
 
 
 
carcinogenic if ingested, since stomach acids may convert it to nontoxic form whereas 

short-term exposure can cause skin irritation or ulceration. Long-term exposure at levels above 

the Maximum Concentration Level (MCL) can cause damage to liver, kidney circulatory and 

nerve tissues, and skin irritation. Direct eye contact with chromic acid or chromate dusts can 

cause permanent eye damage. Hexavalent chromium can irritate the nose, throat, and lungs. 

Repeated or prolonged exposure can damage the mucous membranes of the nasal passages and 

result in ulcers. In severe cases, exposure causes perforation of the nasal septum. EPA has 

stipulated maximum level of hexavalent chromium for drinking water purpose is 0.1mgL
-1

. 

Hexavalent chromium is the substance against which Erin Brockovich campaigned extensively 

in the recent past. 

 
1.8 Properties of copper and its effect on human health 
 
 
Another heavy metal ions studied in the present thesis is copper. Copper occurs in 0, +1 and +2 

states. Among them the +2 state i.e.; cupric ion is the most toxic species of copper. Though 
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and PO4
3-

 



 
copper is essential for good health as a micronutrient, but higher doses are harmful. Long-term 

exposures to copper dust irritate nose, mouth, and eyes, which cause headaches, dizziness, 

nausea, and diarrhea. Higher level of copper intake can cause nausea, vomiting, stomach cramps, 

or diarrhea. In aerobic alkaline system CuCO3 is the dominant soluble species where as in 

anaerobic environments CuS will form in presence of sulfur [78]. The soil natural concentration 

of copper is 2-100 mgL
-1

 where as normal range in plants it is 5-30mgL
-1

. USEPA has given a 

MCL limit of copper in water as 1.3 mgL
-1

[79]. 

1.9 Common removal techniques used for uranium (VI), cesium (I) and strontium (II) 
 
 
Various techniques [80] have been used for removal of radionuclide such as uranium, cesium 

and strontium. Several methods such as physical adsorption, reactive adsorption, ion exchange, 

precipitation, and reverse osmosis have been used to treat the ground-water contaminated with 

uranium. Treatment of radioactive contaminants in ground-water broadly falls into a few 

categories. 

 
Ion exchange 
 
 
In this technology, the (water-soluble) contaminants are captured by ion exchange onto a solid 

support, made of natural or synthetic material. 

 
Precipitation 
 
 
This approach is mainly practiced above ground where precipitation occurs after the addition of 

alkali to raise the pH for precipitate of the oxide or hydroxide. Coprecipitations also play a part 

in this separation method by applying a benign material. 

 
Reverse osmosis 

 

In reverse osmosis, clean water is transported with the help of a high-pressure gradient through a 
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membrane that is essentially non-permeable to the contaminants 

 

Stripping 
 
 
This method is applied generally for volatile contaminants such a radon. Clean air (or other gas) 

is contacted with the contaminated water, stripping out the volatiles. WHO recommended a limit 

based on a sustained effective dose of 0.1 mSv per year from drinking 2 liters of water per day 

for contamination of uranium. Most of the processes for removal of radionuclides from ground-

water are based on sorption phenomena. In adsorption processes, the contaminant is adsorbed on 

the surface of a solid particle or within the pores of the particles. 

 
1.10 Literature survey 

 

1.10.1 Literature survey for uranium removal 
 
 
A lot of study has been done on the removal of uranium by ion exchange resin and solvent 

extraction methods. Organic materials have been widely used for resin exchange and solvent 

extraction process such as liquid–liquid extraction and separation studies of uranium have been 

carried out from sodium salicylate media using cyanex 272 in toluene [81]. Alamine 336 has 

been used for solvent extraction of uranium from vanadium [82], silica gel loaded with p-tert-

butylcalixarene as a new solid phase extractor for determination of trace level of uranium [83]. 

However, traditional liquid–liquid extraction continues to have disadvantages such as the use of 

toxic or flammable solvents, the formation of emulsions, and the generation of large volumes of 

secondary hazardous organic wastes. In that respect adsorption is the better alternative. In 

sorption process the design and development of the sorption system and proper tuning of the 

sorbent surface can be done according to the sorbate system. Secondly, the regeneration of the 

sorbent is possible with the help of acidification which is favorable for design and development 
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of large scale removal process from the cost effective point of view and the advantage of nano 

materials usage for sorption is again a boost for sorption process to apply in uptake study. 

Nanomaterials are defined as the materials as smaller than 100 nm in size at least in one 

dimension [84]. Dimension wise, nanomaterials can be nanoscale in one dimension like nano 

tubes, nano rods, and two dimensions like thin films or three dimensions like nano particles. 

They can exist in single, fused, aggregated or agglomerated forms with spherical, tubular, and 

irregular shapes [85]. Ordinary macroscopic material follow Newtonian mechanics as in heat 

transfer, conductivity optical properties but in the nano scale, quantum mechanics plays a pivotal 

role to dictate their property. As the particle size decreases, the atomic behavior changes due to 

the influence of the structural characteristics of lattice symmetry, cell parameters [86]. In this 

condition, bulk and surface atoms differ in their thermodynamic property, tending to 

thermodynamically unstable state consequently increases entropy and thus become highly 

reactive. Thus, nanomaterials are chemically more active than macroscopic materials due to their 

relatively greater surface area to volume ratio. The quantum effect in nanomaterials becomes 

prominent for magnetic behavior where the magnetic properties changes due to nano scale. There 

are extrinsic strain also, related to nano materials stability in terms of which synthesis process 

used. This is generally diminished by annealing or calcinations [87]. However, if the size 

becomes very small (e.g. less than 10 nm), the surface energy becomes very high, which results 

in agglomeration and in turn the high efficiency of nanomaterials is decreased. To overcome this 

problem, encapsulation (capping) of the nanomaterials is required to lower the surface energy. 

Here, in this work, nanomaterials mainly oxide nanomaterials have been used for sorption study 

of radionuclide and heavy metal ions. The synthesis techniques used here for different nano 

materials and their characterization techniques used have been elaborated in Chapter 2. 
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Inorganic metal oxides such as TiO2 and ZrO2 have been used for high radiolytic stability and 

low solubility property in aqueous environment [88-90]. Even mixed oxide of TiO2 and ZrO2 has 

also been used for uranyl sorption process [91]. However, in an actual situation of very low 

concentration of uranium as in environmental system, uranium remains with metal ions. These 

ions and uranyl cation have to be specifically removed from the solution as part of environmental 

radioactive analysis. Simona Regenspung et al. [92] have used iron (II) minerals for uranium 

removal in presence of bicarbonate environment, but in the presence of other heavy metal ions, 

alkali and alkaline metal ions, the specificity of sorption has been compromised. Further, to get a 

high uptake factor for uranium, functionalized nanomaterials have been used in literature [93]. 

The aim of using nano MnO2 as a sorbent for uranium removal in presence of other metal ions 

was to use it without any functionalization and thus avoid the additional step of surface 

modification and to see if there was a possibility of achieving removal at room temperature. 

 
1.10.2 Literature survey for cesium removal 
 
 
The earliest known method of cesium removal from spent fuel used is liquid-liquid extraction. 

Formations of extractable metal-organic complexes are the main step in this process. Based on 

the solubility product of the organic solution, the cesium metal ions are separated [94]. Though it 

can be applied for a large scale industrial application, the major drawback of this process is 

number of which need steps are to be followed and generation of large amount of secondary 

waste which is also to be managed according to the norms of public safety. Then the modified 

fractional extraction method, stripping method was also adopted, but the same disadvantages 

persisted. In search for less number of chemical steps used and environmental friendly approach, 

physically amenable sorption method was adopted. For sorption and consequent removal of 

cesium from nuclear waste, ammonium molybdophosphate (AMP) has been effectively used 
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widely [95]. However, AMP becomes soluble in solutions with pH >4, and therefore, AMP is 

only applicable to acidic solutions of nuclear waste system. Cesium can be eluted from AMP 

with concentrated ammonium salt solutions (NH4NO3, NH4Cl etc.) or the cesium and ammonium 

molybdophosphate complexes can be dissolved in caustic to separate the active exchanger 

material from an inert binder material, such as PAN [96]. Though, in actual scenario, acidic as 

well as basic environment is there for radioactive waste matrices. As mentioned earlier, 

nanosized sorbents are quite attractive due to their larger effective surface area and they can be 

used over a wide range of pH. The regeneration of the nanosorbents is quite simple as compared 

to the number of steps involved using AMP. Ion exchange chromatography uses AMP but this 

also has limitation of clogging of column filtration. Therefore, granulated form or embedded in a 

macroscopic support may be incorporated in this method. Again, nano sorbents are more 

preferred than granulated form for better surface area to volume ratio than granulated ones. 

Several nano materials like zeolite [97], inorganic sorbents [98], potassium hexacyano ferrate (II) 

[99, 100], calixarene [101], series of crown ether [102, 103, 37] have been used for the 

separation and removal of cesium. Shylesh et al. [104] have shown that difficulties associated 

with the recovery of sorbed nanomaterials. In this respect, the nano magnetic unique property has 

been used for separation of cesium. Nanomagnetite, being a super paramagnetic material has 

been used for instant separation just by applying even a low field magnet. It may be noted here, 

that magnetism is highly volume dependent because it arises from the collective interactions of 

atomic magnetic dipoles. If the magnetic particles size reduce to a critical size of few nano 

meters, the magnetic susceptibility increases many fold as the magnetic domain changes from 

multiple to single domain. Thus further decrease in size will make the particles into super 

paramagnetic, where permanent magnetic moment will lose. This property will allow rapid 
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separation from solution. Several functionalized magnetite, bare magnetite, iron ferrite and even 

inorganic organic nano magnetic composite material have been used [105-108] for sorption of 

cesium and in medicinal drug delivery system. Recently in Fukushima accident magnetic nano 

materials have been used for large area decontamination [109,110]. Here, in the present work 

three different nano magnetite viz. bare magnetite, oleic acid coated magnetite, silica coated 

magnetite, nano MnO2, Y2WO6 and Y2Mo3O12 have been used for cesium(I) sorption potential. 

The metal tungstates and molybdates are two important classes of inorganic materials finding 

applications in the area of optoelectronics, luminescence, magnetic materials, scintillating 

materials, catalysis, etc. However, to best of our knowledge there are no reports on their sorption 

properties. Hence it was of interest to study the sorption properties of tungstates and molybdates 

with divalent strontium ions and compare it with tungstates and molybdates of trivalent yttrium 

ions. The efficiency of the sorption process is dependent on the surface charge as well as 

inherent crystal structure of the various metal tungstates and molybdates. The metal atoms 

attached to the tungstate/molybdate tetrahedra via the oxygen atoms play a crucial role in the 

resultant crystal structure and can affect the sorption properties. The detailed synthesis and 

sorption study of all these nanomaterials have been given in the relevant chapter of present 

thesis. A theoretical calculation has been shown for the three different type of magnetites to 

compare the linear and non-linear methods used for checking the compliance of the experimental 

data corresponding to the isotherm models (Langmuir, Freundlich, Temkin, Dubunin-

Radushkevich, Sips, and Redlich–Peterson) for optimization of the isotherm parameter. This 

optimization method will facilitate decision making for successful design and development of 

sorption system for cesium removal in large scale application. The detail of nonlinear regression 

method has been described in chapter 2. 
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1.10.3 Literature survey for strontium removal 
 
 
Various processes have been used for separation of strontium from radioactive waste streams. 

Most common method used for strontium removal is ion exchange method. Natural mineral 

compounds such as different clay minerals e.g.; vermiculite, zeolite, bentonite, clinoptilolite have 

been used in ion exchange methods. Natural zeolite was earliest known material first used for ion 

exchange processes. It is a common practice to use clay minerals as backfill or buffer materials 

for radioactive waste disposal sites due to their ion exchange properties, low permeability and 

easy workability [111]. However, due to the limitation of their physical property of restricted 

flow through column operation clays are not used in ion exchange processes [112]. The main 

drawback for ion exchange process is adverse effect on performance by high salt content, 

choking hazard and difficulty in regeneration and recycling [113]. Still many researchers have 

successfully used modified methods in ion exchange processes in lab scale experiment for 

strontium removal [114-116]. The other techniques used are chemical precipitation. Rao et al. 

 
[117] have used chemical precipitation followed by ultra-filtration method to separate cesium 

and strontium from aqueous waste. The efficiency of chemical precipitation method depends on 

the solid–liquid separation steps, this makes cumbersome job for the wide applicability of this 

process for practical purposes in spite of its advantage over ion exchange are withstanding power 

in high salt content waste and suitability for large volume of waste. Other methods used are 

membrane separation [118,119], ultra filtration solvent extraction [117], electro coagulation 

 
[120], thermal treatment etc. Solvent extraction generates aqueous and organic secondary waste 

which causes environmental hazards for society. In ultra-filtration method the organic 

membranes undergo radiation damage other than their high cost and low efficiency. Apart from 

these methods, Radiochemical Analysis (RCA) is the most widely used method for separation of 
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strontium-90 from effluent treatment plant in waste management system. RCA is based on 

selective precipitation and complex formation. Series of selective precipitations reactions have to 

be performed for the separation of Sr
2+

 from the other alkaline earth metals ions, daughter 

product yttrium and several other interferences [121]. Among all the methods, sorption is one of 

the most commonly used, highly efficient, comparatively low cost and reproducible method for 

removal of strontium from waste water stream. Mostly studied adsorbents are silica materials 

and/or magnetic composite, syntheticzeolite [122] materials apart from activated carbon [123] or 

multiwall carbon tube [124], layered metal sulphide [125]. Functionalization of the magnetic 

materials with biomaterials like saw dust has been used by Zihong Cheng et al, [126] or 

magnetic chitosan beads by Yuwei Chen, [127] has been shown to be very effective for 

strontium removal process due to the excellent magnetic property. Lalhmunsiama [56] has used 

silica based natural clay followed by acid activation for strontium removal from aqueous 

solution. Valsala et al. [17] have used hydrous manganese dioxide for lab scale uptake study in 

column matrices. They have used a composite ion exchange material consisting of hydrous 

manganese oxide and poly methyl methacrylate (PMMA) for removal of strontium(II) from 

aqueous radioactive waste. Here, in present work nano manganese dioxide, without any 

functionalisation has been used for Sr uptake study. The urge for simple and cost effective yet 

very efficient and rapid sorption method gives the idea of using magnetite with functionalization 

of silica or long chain fatty acid. Apart from magnetite, silica coated magnetite and oleic acid 

coated magnetite, nano manganese dioxide has also been used for strontium removal process. 

Other than nano magnetic material’s unique property stated earlier, the inert coating of silica or 

long chain fatty acid like oleic acid on the surface of these particles will prevent nano 

aggregation in liquids and also enhance the chemical stability as well as chemical activity with 
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their presence of many hydroxyl ions on the surface of silica or –COOH group on oleic acid, 

which will consequently attach to form metal chelates for effective removal. This is the 

advantage of using surface modification to magnetite nano materials which will shorten the 

preconcentration and separation steps. The regenerated nano material can also be used for further 

uptake study. The synthesis, characterization and detailed sorption study has been described in 

the relevant chapters. 

 
1.10.4 Literature survey for chromium and copper removal 
 
 
In recent past, several techniques have been used for heavy metal detoxification by uptake 

studies including but not limited to ion exchange, membrane filtration, chemical treatment, 

adsorption, bio sorption, oxidation and electrochemical processes [128-131]. Among them 

sorption ions application of nanomaterials has been mainly used for their flexibility in design and 

operation, regeneration, low maintenance cost, ease of operation and their high removal 

efficiency. Therefore, it is in the forefront of heavy metal removal technological application. The 

nano materials, most commonly used are metal oxide because of their large surface area and 

highly selective chemical activities viz. aluminum oxide [132], titanium oxide [133], magnesium 

oxide, manganese oxide [134], cerium oxide [135], ferric oxide [136]. For hexavalent chromium 

uptake, Joshi et al., 2011[137] have demonstrated pH-dependent photo catalytic degradation of 

Cr (VI) from wastewater using porous TiO2, ZnO, and CdS nanomaterials. Adegoke et al., [138] 

have reported the sorption of Cr (VI) from aqueous solution with synthetic hematite. They have 

observed that acidic pH (2-3) and moderate temperature (35-40
o
C) favors the adsorption process. 

Few sorption studies have been reported [139,140] where morphology changes of ceria after 

sorption of hexavalent chromium have been studied. Some researchers have used nano 

manganese dioxide with surface modified with functional group or nano manganese composite 
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material or beads for the Cr (VI) sorption study. For example, Mallik et al. [141] have used 

manganese nodule leached residue obtained from NH3–SO2 leaching for adsorption of 

hexavalent chromium whereas Gupta et al. [142] have used ceria and nano manganese dioxide 

composite materials for the same. Here in present work, nano manganese dioxide without any 

functionalisation has been used for hexavalent chromium removal study to ensure a low cost 

easy preparation method. In search for heavy metal remediation from aqueous solution, copper 

removal has also been shown by transition metal vanadate and tungstate viz. Copper was chosen 

for the heavy metal sorption studies since copper toxicity is prevalent nowadays due to 

widespread use of copper in utensils, fungicides, hot water pipes, etc. [143].The detailed study 

for Cr (VI) and copper sorption has been described in respective chapters. Dye removal by 

SrWO4, SrMoO4, Y2WO6 and Y2Mo3O12 has also been studied in an attempt to further extend the 

applicability of the above nanomaterials as sorbent. 
 
1.11 Scope of the thesis 

 
A detailed extensive survey for the uptake study for radionuclide such as uranium(VI), 

cesium(I), and strontium(II), heavy metal ions [Cr (VI) and Cu(II)] has been elaborated with 

reference to their effect on human civilization and for the future generations to come. The health 

effect, their remediation techniques using different methods and particularly nanomaterial 

application in sorption process has also been documented. 

 
The use of nanomaterials for sorption methods, their advantage over the other conventional 

techniques for uptake studies along with their disadvantages has been discussed. The 

conventional techniques have been described as reference background for using nanomaterials 

over these synthesized materials. Though, solvent extraction and ion exchange have wide 

applicability in industrial scale, but their production of secondary waste, clogging of the column, 
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cost effectiveness puts nanomaterials at their best for application in near future. 
 
In this context, manganese dioxide, nano molybdate and tungstate of strontium and yttrium, bare 

magnetite, oleic acid coated magnetite, silica coated magnetite nano materials have been 

synthesized and characterized for uptake studies of radionuclide’s and heavy metal ions. 

 
Nano molybdates and nano tungstates of strontium and yttrium have been used for cesium(I) and 

copper(II) uptake studies. These transition metal molybdate and tungstate samples have also 

been used for extended application of dye removal. Nano manganese dioxide as a sorbent for 

uranium (VI) in a mixture of heavy metal ions namely Cu(II),Ni(II),Co(II),Zn(II),Na(I),K(I) and 

Ba(II) has been used in a series of experiments . Nano MnO2 has also been extensively studied 

for its application in cesium (I), strontium (II) and Cr (VI) removal from aqueous solution. 

 
Magnetite, very well known for biomedical applications, has been used, as a bare magnetite, as 

well as surface functionalized magnetite for cesium (I), strontium (II) uptake studies. A nonlinear 

regression model has been discussed in relation to the optimization of isotherm parameters for all 

the three nanomaterials for effective design and development of sorption system for cesium 

uptake study. 

 
The main objective of this thesis work is to study the potential use of these nano sorbents for 

removal of radionuclide, viz. uranium(VI), cesium(I) and strontium(II) as well as uptake study of 

heavy metal ion particularly hexavalent chromium and divalent copper. The effects of various 

experimental conditions on the sorption efficiency, kinetics, mechanism of the sorption process 

have been studied for successful design and development of sorption system for practical 

purpose of radioactive waste management. 
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In summary, this PhD thesis is dedicated to synthesis, detailed characterization of several nano 

materials for uptake of radionuclide and heavy metal ions. The results will be discussed in 

subsequent chapters. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
30 



 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Chapter 2 
 
 

Experimental methodology and 
 

characterization techniques 



 



2.1 Introduction 

 
Different metal oxide nano materials such as MnO2, Fe3O4 and encapsulated Fe3O4 along with 

tungstates and molybdates of divalent strontium ions and trivalent yttrium ions namely SrWO4, 

SrMoO4,Y2WO6 and Y2(MoO4)3 have been synthesized using various bottom up methods for 

potential applications of uptake study for radionuclides viz. uranium (VI), cesium (I) and 

strontium (II) as well as heavy metal ions namely Cr (VI) and Cu (II).This chapter describes the 

synthesis methodology of nanomaterial, different characterization techniques used in present 

study for them and theoretical background of general sorption procedure, reaction mechanism, 

and kinetics and equilibrium isotherm studies. Error analysis techniques for optimization of 

equilibrium isotherm parameters using non-linear regression method have also been discussed 

towards the end of this chapter. This Chapter is divided in three segments namely synthesis 

methods, characterization techniques and sorption studies. 
 
2.2 General synthesis methods for preparation of nanomaterials 

 
The main challenge for synthesis of nano materials is to prepare them in uniform size in with 

reasonable porosity specifically for use as sorbents. A variety of methods have been used for the 

synthesis of nanomaterials depending on the material of interest. The main objective behind the 

use of nanomaterials instead of using bulk materials for sorption studies is that nanomaterials 

have high surface to volume ratio, which often leads to porous materials. Agglomeration of 

particles can be prevented by using suitable inert solvent or surface encapsulation so that the 

surface activity enhances for sorption does not deteriorate. A variety of nano metals, metal 

oxides, sulfides, polymers and composite nanomaterials have been synthesized by using different 

synthesis routes. All these synthetic techniques have been broadly classified into two categories, 

namely solid state method and soft chemical method [144]. 
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2.2.1 Solid state method: It is a conventional method for preparation of polycrystalline 

materials where mechanical mixing of the constituents is required followed by repeated 

grindings and calcination at higher temperature for long duration is performed. This method is 

not suitable for preparing nanomaterials. It is diffusion controlled process and in turn it is 

kinetically slow. The major problem with this method is and variation in local stochiometry. 

Also the products obtained by this route are in micrometer range rather than nano meter range. 

This can be overcome by soft chemical approach [145] of synthesizing nano materials. 

 
2.2.2 Top down methods: In these methods bulk method is subjected to mechanical energy to 

obtain finer particles in nano dimension. These include laser ablation method, high energy ball 

milling and inert gas condensation just to name a few. 
 
2.2.3 Bottom up methods 
 
 
These methods are based on to the building-up of materials from the bottom, atom by atom, 

molecule by molecule or cluster by cluster which leads to nano structures. Bottom up approach 

has several advantages as it leads to nanomaterials with fewer defects, more homogeneous 

chemical composition. On the other hand, top down methods lead to better control over size 

uniformity of the product. Depending on the application of the nanomaterials, various bottom up 

methods have been widely used for synthesis of oxide nanomaterials by controlling chemical 

reaction, nucleation and growth process. Some of these methods are sol gel method, 

hydrothermal method, solvothermal method, coprecipitation method, sonochemical method, 

combustion method, spray pyrolysis, micro emulsion, just to name a few. In bottom up methods, 

the desired precursors are mixed in a controlled manner. The reaction is mainly driven by the 

reduction of Gibb’s free energy so that the materials produced reaches close to a thermodynamic 
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equilibrium state. In subsequent sections detailed description of these synthesis procedures which 

have been used in this work for different synthesis of nano materials have been elaborated. 
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Fig.2.1: Schematic depiction of top down and bottom up methods for preparing 
 

nano structured materials 
 
2.2.3.1 Synthesis of nano manganese oxide by alcoholic hydrolysis method: 

 
Manganese (IV) oxide was prepared at room temperature by the alcoholic hydrolysis of aqueous 

solution of KMnO4. In a typical experiment 2.5 g of KMnO4 was dissolved in minimum volume 

of de-ionized water. Excess of ethanol was added drop-wise with constant stirring at ~50
o
C to 

the aqueous solution of KMnO4 [146]. The resulting solution was kept on continuous stirring for 

 

3 h at 50
o
C. The reaction can be represented as follows: 

 

KMnO4  CH3CH2OH  CH3COOK  MnO2  KOH  H2O (2.1) 

 
With time brownish precipitate of MnO2 was observed and the color of potassium permanganate 

disappeared. The precipitate was then filtered and washed extensively with de-ionized water and 

then dried at 100
o
C. The excess of KOH in the medium was washed completely. 
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2.2.3.2 Co-precipitation method 
 
 
This method is the most popular among all the soft chemical methods for nanomaterials 

synthesis because of its ease of handling, large scale production and its cheap raw materials. 

Aqueous hydrolysis is more preferred because it can produce fine, spherical particles with higher 

chemical purity, homogeneity and controlled particle size. Co-precipitation synthesis proceeds in 

two steps as follows: 
 
I) First required salt precursors are dissolved in aqueous medium. 

 
II) Precipitation of desired material commences with adjustment of pH to desired level. 
 
The co-precipitation technique is widely used for the preparation of ceramics and metal oxide 

powders. It produces nanomaterials without application of high temperature, with much 

simplicity and atomic mixing of the constituents yields a final product of near-perfect 

stoichiometry. Magnetite nanomaterials have been synthesized by this method in this work. 
 
2.2.3.2.1 Synthesis of nano magnetite 

 
In the present study, nano magnetite was prepared via co-precipitation route [147]. A typical 

reaction for synthesis of magnetite is as follows: 
 

Fe
2+

 + 2 Fe
3+

 +8OH
-→ Fe3O4 + 4H2O (2.2) 

 
The synthesis has been carried out under inert atmospheric condition and analytical grade 

chemicals (from Sigma Aldrich) e.g. ferric chloride hexahydrate, ammonium ferrous sulphate, 

sodium hydroxide and ethyl alcohol were used. In a typical experiment 6.5 g of ferric chloride 

(FeCl3) and 7.86 g of ammonium ferrous sulphate, [(NH4)2Fe(SO4)2] were dissolved (as per 

stoichiometry Fe
2+

: Fe
3+

 = 1:2) in 100 ml deionised water and transferred to a three neck flask, 

immersed in room temperature water bath. Boiling solution of 0.5M NaOH was added drop wise 

(1ml/min) into the 100 mL main solution under constant stirring. The solution was mechanically 
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stirred at 250 rpm at 80
o
C for 2 hours and subsequently centrifuged and washed with water and 

ethyl alcohol. Nanomagnetite was formed by conversion of metal salts into hydroxides, which 

took place immediately, and transformation of hydroxides into ferrites. Following these steps, 

the sample was air dried for overnight and then at 100
o
C for 24 hours. 

2.2.3.2.2 Importance of encapsulation of nanomaterials for certain applications 

 
Sometimes, capping agents are used for nanomaterials to get the desired configuration of size 

and shape, better dispersivity for optimum performance of chemical activity. In addition often it 

provides chemical stability over coalescing, agglomeration, oxidation or growing large cluster 

formation. The magnetite nanoparticles surface is hydrophobic and hence they tend towards 

agglomeration in aqueous solution. Thus to avoid aggregation, surface functionalization or 

surface coating was provided with a surfactant which has either a polar head and hydrocarbon 

chain like oleic acid or cage like structure like tetraethyl orthosilicate to stabilise the surface. In 

case of oleic acid the polar head will be attached with the surface of the nano particle and the 

hydrocarbon chain will be free to move in surrounding mediaas it is shown in schematic (Fig 

2.3) .Surface encapsulation thus chemically enhance the surface activity where the external 

surface is the main participant for sorption of metal ions. Therefore, encapsulating agent mostly 

enclose the materials, retaining its magnetic property arising due to nano scale. 
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Fig. 2.2: Schematic representation of nano magnetite synthesis and encapsulation by two 
 
different surfactants 
 
2.2.3.2.3 Synthesis of oleic acid coated magnetite 

 
For preparation of oleic acid (CH3(CH2)7CH=CH(CH2)7COOH) coated nano 

magnetite/composite, 0.8 ml oleic acid was added to Fe3O4 in alkaline medium and kept for 

stirring for 20 hours. It was then washed with alcohol, dried in hot air oven and finally oleic acid 

coated nanocomposite was obtained. Oleic acid modifies the surface so the magnetic poles will 

repel each other which favor morphological stability. 
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2.2.3.2.4 Synthesis of silica coated magnetite 

 
For preparation of silica coated nano magnetite, bare magnetite obtained earlier was added to 

water, alcohol and liquid ammonia mixture following a modified Stober method [148]. Then this 

dispersion was homogenized by ultrasonication in water bath. In next step, under continuous 

mechanical stirring, 1.6ml tetraethyl orthosilicate (TEOS) was added slowly to this solution. 

After continuous stirring for 12 h, silica was formed on the surface of magnetite nano materials 

by hydrolysis and condensation reaction of TEOS. 

 
Further washing of the as-prepared material thrice with alcohol and followed by drying in air 

resulted in the final product silica coated magnetite. The silica coated magnetite has several 

advantages such as, screening of the magnetic dipolar attraction between magnetic nanoparticles 

favoring the dispersion of magnetic nanoparticles in liquid media and preventing them from 

leaching in an acidic environment. Acidic environment is very common phenomena in separation 

of radioactive cesium and strontium in nuclear industry. In addition, due to the presence of so 

many silanol groups (Si–O–H) on the silica layer, silica-coated magnetic nanoparticles will be 

active for sorption of metal ions on their surface. The most important advantage for silica coated 

magnetite is that the silica layer provides a chemically inert surface for magnetic nanomaterials 

 
[149]. 
 
2.2.3.3 Sonochemical method 
 
 
Sonochemistry is a process where molecules undergo a chemical reaction by application of 

powerful ultrasound radiation in the frequency range of 20 KHz-10MHz.This method involves 

high energy and pressure on a short time scale. Sonochemical synthesis is based on acoustic 

cavitations resulting from the continuous formation, growth and implosive collapse of the 

bubbles in a liquid [150]. Cavitations are a process in which mechanical activation destroys the 
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attractive phase of the molecules in liquid phase. By applying ultrasound, compression of the 

liquid is followed by rare fraction in which sudden pressure drops which forms small oscillation 

bubbles of gaseous substances. The growth of the bubble occurs through the diffusion of solute 

vapor into the volume of the bubble. The bubbles expand with each cycle until they reach on 

unstable size, they can collide and/or violently collapse. According to the hot spot mechanism, 

very high temperatures (5000–25,000 K) [151] are obtained upon the collapse of the bubble. 

Since this collapse occurs in less than a nanosecond [152], very high cooling rates are also 

obtained. This high cooling rate hinders the organization and crystallization of the products. 

Since cavitation can only occur in liquids chemical reactions, this is not seen in the ultra sonic 

irradiation of solid or solid gas systems. In present work, all the syntheses have been carried out 

in the absence of any capping agent therefore it is also a surfactant free and template free 

technique which ensures easy recovery of the final product. Nano materials are finally formed 

because the fast kinetics does not permit the growth of the nuclei, and in each collapsing bubble 

a few nucleation centers are formed whose growth is limited by the short collapse. 

 
The synthesis of four material such as SrWO4, SrMoO4, Y2WO6 and Y2 (MoO4)3 was carried out 

in aqueous media under air at room temperature and pressure by the sono chemical method. 

Analytical Reagent grade strontium nitrate [Sr(NO3)2], yttrium nitrate [Y(NO3)3.6H2O], sodium 

tungstate [Na2WO4.2H2O] and sodium molybdate [Na2MoO4.2H2O] of high purity (99%) were 

obtained from commercial sources. 
 
2.2.3.3.1 Synthesis of SrWO4 

 
To an aqueous solution (25ml) of [Sr(NO3)2] (3.50 g, 16.54 mmol, 25ml aqueous solution of 

[Na2WO4.2H2O] (5.46 g, 16.54 mmol) was added drop wise under pulse sonication. After the 

addition was complete, the reactants in the beaker was sonicated (100 W/cm
2
) under air for 
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30min. using an ultrasonicator (Oscar Ultrasonic’s) operating at 40 kHz. The resulting precipitate 

was washed with water repeatedly and centrifuged. The white precipitate obtained was dried in 

air. 
 
2.2.3.3.2 Synthesis of SrMoO4 

 
An aqueous solution (25ml) of [Sr(NO3)2] (3.01 g, 14.26 mmol) was pulse sonicated and 25ml of 

[Na2MoO4.2H2O] (3.45 g, 14.26 mmol) was added to it drop wise. Immediate precipitation was 

observed. The ultrasonication was continued for 30min and the resultant solution was 

centrifuged to separate the precipitate. The white precipitate was washed thrice with distilled 

water and air dried. 
 
2.2.3.3.3 Synthesis of Y2WO6 

 
[Y(NO3)3.6H2O] (2.26 g, 5.90 mmol) was dissolved in 20ml of water. To it 25ml of an aqueous 

solution of [Na2WO4.2H2O] (1.95 g, 5.90 mmol) was added under sonication (100 W/cm
2
). The 

reactants were sonicated for 90min.The white precipitate formed was centrifuged out and washed 

repeatedly. The product obtained was heated in a muffle furnace at 300°C for 1h. 
 
2.2.3.3.4 Synthesis of Y2(MoO4)3 

 
[Na2MoO4.2H2O] (1.72 g, 7.10 mmol) solution in 25ml of water was added slowly to a 20ml 

solution of [Y (NO3)3.6H2O] (2.72 g, 7.10 mmol). The mixture was sonicated for 90min using an 

ultrasonicator operating at 100W/cm
2
. The precipitate obtained was washed repeatedly with 

distilled water and centrifuged out. It was dried in air and heated in a muffle furnace at 750°C for 

1h. 
 
2.3 Characterization techniques 

 
A number of techniques have been used for the physical as well as chemical characterization of 

the synthesized nano materials and for the analytical purposes of the sorbed metal ions. These are 
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X-ray diffraction (XRD), Fourier Transform - Infra Red Spectroscopy, Transmission electron 

Microscopy, BET surface area analyzer, Dynamic Light Scattering for Zeta potential analyzer, 

Vibrating-sample magnetometer(VSM), Small Angle X-ray Scattering (SAXS), Gamma 

spectrometry using NaI (Tl) detector,UV-Vis absorption spectroscopy, Atomic absorption 

spectroscopy (AAS) and Inductively coupled Plasma-Atomic Emission Spectroscopy (ICP-

AES).Detailed descriptions are given below. These techniques are briefly described in 

subsequent sections. 
 
2.3.1 X ray diffraction 

 
For the characterization of nanomaterials the first step is the materials structure determination 

that is whether the crystalline material is in nano range or not. The materials building blocks are 

atoms and the atomic arrangements in the crystal is the main source of information for 

diffraction study and further study of sorption process. In a simple method of diffraction study an 

incident x-ray wave is directed into a material and a detector is typically moved about to record 

the directions and intensities of the outgoing diffracted waves. Each material has a set of unique 

d-spacings, which allow the identification of the material. This property makes the diffraction 

experiment more powerful tools for characterization X-rays are invisible, electrically neutral and 

electromagnetic radiations wave length ranges from about 0.04 angstrom to 1000 angstrom. X 

rays are generated from the inner shell electronic transitions in an atom that is termed as 

characteristics X rays. The higher energy X rays are produced when all the kinetic energy of the 

incident particles are converted to X rays. When an electromagnetic ray is incident on a solid 

material, coherent or incoherent scattering or absorbance can occur. The constructive 

interference will occur for a coherently scattered X rays based on their particular angle when the 

path difference between the two rays differ by an integral number of wavelengths. Thus coherent 
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scattering is the basic requirement for X ray diffraction to occur [153].The classical Braggs law 

of diffraction that relates the possibility of constructive interference to the inter planar 

separations is given as 

 
n Ȝ= 2 dhkl sinθ (2.3) 

 
where Ȝ is the wavelength of X rays, θ is the glancing angle or Bragg’s angle, dhkl is the inter 

planner distance between the crystal planes that cause constructive interference and n is the order 

of diffraction which is a positive integer. This principle of X ray diffraction has been extended 

for qualitative and quantitative information viz phase identification, crystal structure 

determination crystallite size determination for a crystalline materials. As the crystal lattice 

consists of parallel rows of atoms equivalent to the parallel lines of the diffraction grating, the 

inter-planar spacing could be successfully determined from the separations of bright fringes of 

the diffraction pattern formed is due to constructive interference[154] using the Bragg’s 

equation. A typical X ray Diffraction experimental set up consists of 

 
1. X-ray Tube that is the source of X Rays. During the generation of X rays, the target element 

gets heated and hence it requires a continuous cooling. The CuKά (Ȝ = 1.5406Å) from sealed 

tube was used as the incident beam. The X-ray tube rating was maintained at 30 kV and 20 mA. 

 
2. Incident-beam optical instruments which condition the X-ray beam before it hits the sample. 

These includes beta filter, soller slits and divergence slits. The x rays are produced in all 

direction so to diverge the X ray beams the divergent slits are used and then the rays passed to 

the Be window. Also, the background and beta radiation are filtered using beta filters, which 

must have low absorption for the characteristic radiation. 

 
3. The goniometer which holds and moves the sample. It has been calibrated for correct zero 

position using silicon standard. 
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4. Receiving-side optical facility which condition the X-ray beam after it has encountered the 

sample and these include anti scatter slit, receiving slits and soller slits 

 
5. Monochromator which separates out the stray wavelength radiation as well as any fluorescent 

radiation emitted by the sample. Here a curved graphite single crystal has been used for this 

purpose. 

 
6. Detector which counts the number of X Rays scattered by the sample. It is a proportional 

counter (Argon filled) or GM counter. By sweeping the detector from one angle to the other, the 

diffracted rays are scanned and the angle where the Bragg’s law is satisfied, a constructive 

 
interference among the diffracted x-rays occur which results in the sharp rise in the intensity 

(peak). Generally the scan in the 2θ ranges from 10 degree to 70 degree with a step width of 

0.02
°
, and scan rate of 1

°
 per minute which is sufficient for identification of a well crystalline 

inorganic material. Here, the observed diffraction pattern were compared with JCPDS-ICDD 

(Joint Committee on Powder Diffraction Standards- International Centre For Diffraction Data, 

1974) [155] files available for reported crystalline samples. The average crystallite size of the 

nano materials synthesized has been estimated from the full width at half maximum (FWHM) of 

the principle peak in the XRD pattern using the Scherer’s formula as [156] 

 
t= 0.9Ȝ/B cos θB (2.4) 

 
t= thickness of the crystal (Ȧ) 
 
Ȝ is the x ray wave length and theta B is the Bragg angle. 
 
The Line broadening B is measured from the extra peak width at half the peak height and is 

calculated from Warren formula as 

 

B
2
= BM

2
- BS

2
 (2.5) 

 
BM= the measured peak width in radians at half peak height 
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BS=the measured peak width of a peak of a standard material (silicon) 
 
2.3.2 Transmission Electron Microscopy 

 
The another powerful optical microscopic technique for characterization of nanomaterials is 

Transmission Electron Microscope (TEM) which is a technique where a beam of electrons is 

transmitted through a ultra thin specimen and subsequently a image is formed as a result of the 

interaction of the electrons transmitted through the specimen, finally the image is magnified 

many a times with a powerful lenses and focused onto an imaging device of fluorescent screen to 

get a detailed morphology of the sample. 
 
The different parts of a TEM instrument involve: 
 
1. Electron Source which Produces highly energetic and highly coherence electron beams 
 
2. Condenser lenses and aperture which controls spot size and illumination area on sample 
 
3. Sample of interest 
 
5. Objective lens and aperture which takes the images of the sample 
 
6. Projector lenses which Changes modes from diffraction to imaging 
 
7. Fluorescent Screen to detect the final output. 
 
In this work, TEM results were analyzed by using JSM-7600F JEOL JEM-2100F FEG TEM 

operating with a 100 kV accelerating voltage. In order to get the diffraction pattern, lattice 

spacing and particle size, 1-2 milligram nanomaterial were dispersed in isopropanol, dropped 

onto a carbon-coated copper grid and air dried for final sample to be used in TEM. 
 
2.3.3 Small Angle X Ray Scattering (SAXS) 

 
The Small Angle X ray Scattering (SAXS) is often used when it is required to detect large lattice 

spacing of the order of tens or hundreds of interatomic distances [157].This technique is mainly 

used for detecting in homogeneities on the scale of 10 to 1000Å. In this work, biphasic existence 
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in oleic acid coated magnetite was studied by this technique.SAXS measurements were carried 

out using a laboratory based SAXS facility with CuKά source. The diameter of the incident 

photon beam on the sample was taken as 0.4 mm. The SAXS detector was mounted at a sample-

to-detector distance of 1.07 m, corresponding to a 2θ range of 0.1–3.5 degrees. 
 
2.3.4 Fourier Transform - Infra Red Spectroscopy 

 
The basic theory behind the Infrared Spectroscopy involves the measurement of change of dipole 

moment due to the vibration of chemical bonds of materials as a result of absorption of infrared 

radiation. To improve the signal to noise ratio, numerical iteration method like Fourier 

transformation are applied. The improved spectroscopic method is now termed as Fourier 

Transformation IR Spectroscopy (FTIR). In this method, all the frequencies are used simultaneously 

to excite all the vibrational modes of different types of bonds which again minimize the time of 

experimentation. In this work, a Bomem MB102 FTIR machine having a range of 200-4000 cm
-1

 

and with a resolution of 4 cm
-1

 has been used. IR radiation was generated from globar source of 

silicon carbide rod. The instrument used CsI single crystal, as the beam splitter and deuterated 

triglycine sulphate (DTGS) as detector. Prior to IR measurements, the samples were ground 

thoroughly by mixing with dry KBr powder, made in the form of a thin transparent pellet and 

introduced into the sample chamber of the instrument to record the spectra. 

 
2.3.5 BET surface area analyzer 

 
For sorption purposes, the surface properties like surface area and porosity of the materials are 

the main contributor for on efficient sorption process to occur. A high surface area implies a 

larger number of adsorption sites consequently higher total adsorbate loadings as well as faster 

sorption kinetics. When the quantity of adsorbate on a surface is measured over a wide range of 

relative pressures at constant temperature, the result is an adsorption isotherm. The adsorption is 
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obtained point-by-point in the Autosorb-1 by admitting to the adsorbent, successive known 

volumes of adsorbate, by measuring the equilibrium pressure [158]. The most common 

Brunauer-Emmett-Teller (BET) surface area of all the samples were determined by N2 

adsorption-desorption measurement, using Quantachrome Autosorb Automated Gas Sorption 

System. The samples were out-gassed at high temperature in vacuum, before the measurement. 
 
2.3.6 Dynamic Light Scattering for Zeta potential analyzer 

 
Zeta potential of the samples was determined using a Malvern Zetasizer nano ZS instrument. 1ml 

of the sample of interest in aqueous solution was taken in the transparent cell for carrying out the 

zeta potential measurements. Zeta potential is a measure of the magnitude of the electrostatic or 

charge repulsion/attraction between particles, and is one of the fundamental parameters known to 

affect stability. Its measurement brings detailed insight into the causes of dispersion, aggregation 

or flocculation, and can be applied to improve the formulation of dispersions, emulsions and 

suspensions. 
 
2.3.7 Vibrating-Sample Magnetometer (VSM) 

 
Vibrating Sample Magnetometer measures the electromotive force induced by magnetic 

moment of a materials when it is vibrating at a constant frequency that is vibration frequency, 

under the presence of a static and uniform magnetic field which is proportional to the magnetic 

moment, vibration amplitude and vibration frequency. The instrument displays the magnetic 

moment in electromagnetic unit (emu) units. The magnetic properties of the samples were 

measured by Vibrating Sample Magnetometer (Lakeshore, VSM – 7410). The room temperature 

field dependent magnetic measurements (M vs. H) were carried out on powder samples mounted 

tightly in the sample holder by varying the magnetic field. The magnetization vs. temperature (M 

vs. T) was measured by VSM-7410 under a constant applied magnetic field to obtain the Curie 
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temperature (Tc) of the sample. The temperature dependent magnetization under zero-field 

cooled (ZFC) and field-cooled (FC) conditions in a constant applied field were measured. In the 

ZFC measurements, the samples were cooled from 305 to 5 K without applying an external field. 

After reaching 5 K, a field was applied and the magnetic moments were recorded as the 

temperature increased. For FC measurements, the samples were cooled from 305 K under an 

applied field; then the magnetic moments were recorded as the temperature increased. 
 
2.3.8 Gamma spectrometry using NaI (Tl) detector 

 
The detection of ionizing radiation by the scintillation light produced in certain materials is one 

of the oldest methods. This method is non destructive method and accurate in small amount also 

 
[159]. The scintillation use the fact that certain materials when interact with a nuclear radiation, 

emits a small flash of light i.e., scintillation. This scintillation when coupled with an amplifying 

device such as a photo multiplier tube to convert into electrical pulses, and connected in an 

amplifier circuit that multiplies gives the electrical signal which is analyzed and counted 

electronically to give the information about the incident radiation. The scintillating material 

generally used is NaI(Tl). As the radiation passed through the scintillator, excitation of the atoms 

and molecules actuates light to be emitted. This light is transmitted to the Photo Multiplier tube 

(PMT) where it is converted into a weak current of photoelectrons, which is then further 

amplified by an electron multiplier system consisting of preamplifier and amplifier. The resulting 

electric current signal is then analyzed by an electronic system of Multi channel analyzer. 

 
2.3.9 UV-Vis absorption spectroscopy 

 
The principle of UV-visible absorption spectroscopy is based on the “Beer-Lambert’s Law”, 

which states that “A beam of light passing through a solution of absorbing molecules transfers 

energy to the molecules, as it proceeds, and, therefore, decreases progressively in intensity. The 
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decrease in the intensity, or irradiance, (dI), over the course of a small volume element is 

proportional to the irradiance of the light entering the element, the concentration of absorbers 

(C), and the length of the path through the element, (dl). Mathematically, it can be expressed as: 

 
A = ε ×b ×c (2.6) where, ε is the wavelength-dependent molar 

absorptivity coefficient, b is the path length, and c is the concentration When the energy of the 

incident photon matches with the energy of the excited state of an atom, a molecule, radical or an 

ion the resonance occurs, and the intensity of the transmitted light is decreased. Depending on 

the energies of the excited states and the absorbed photons a sorption band is observed. In the 

present studies, UV-visible optical absorption spectra have been recorded, employing a JASCO 

Model 605 spectrometer. 
 
2.3.10 Atomic absorption spectroscopy (AAS) 

 
The basic theory behind the Atomic Absorption Spectroscopy involves that if the light of 

properly selected wavelength falls on a ground state atom, the atom followed by an excitation 

will absorb the light. This involves a particular wavelength for each material which is a unique 

property for a particular atom. This specific selection of wavelength followed by 

absorption/emission is the basis for absorption/emission spectroscopy. By measuring the amount 

of light absorbed by a particular atom will give the, quantitative determination of the amount of 

analyte element present in the solution. The use of special light sources and careful selection of 

wavelength allow the specific quantitative determination of individual elements in the presence 

of others [160]. 

 
2.3.11 Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES) 

 
Inductively Coupled Plasma (ICP) uses a high-frequency alternating field to transfer energy to a 

flowing inert gas like argon to form plasma of ions and electrons. The plasma is propagated 

 

 
48 



 
when ionization of metal atoms occurs as a result of collisions with the ions and electrons. The 

ICP sample was prepared by dissolving 1 mg particles in hydrochloric acid and the solution 

volume made up 10 mL. The accurate concentration of metal ions in the sample was determined 

by comparing the intensity of each line with the previously measured intensities of known 

concentrations of the elements and their concentrations are then computed by interpolation along 

the calibration lines. 

 
2.4 Sorption studies: The sorption process involves a solid phase that is sorbent, here nano 

materials and a liquid phase which contains the dissolved metal ions to be sorbed. Sorption 

studies has been carried out by adding a fixed amount of the sorbent (m) of 0.1 g of synthesized 

nanomaterials into different test tubes which contain a fixed volume (V) of 10 mL of the sorbate 

solution of varying concentrations. After mechanical shaking for a fixed time, once the 

equilibrium between sorbent and sorbate is established, the separation of the sorbed phase carried 

out. To analyze the sorbed quantity by spectroscopic methods a small portion of the aqueous 

phase was taken. The uptake of metal ion can be calculated as 

 
Sorption (%) = ((C0-Ce)/C0)*100 (2.7) 

Equilibrium sorption capacity, qe, was determined as  

(qe, mg/g) = ((C0-Ce)/m) V (2.8) 

 
Where, Co and Ce are the initial and the equilibrium concentrations of the sorbate in the solution 

respectively. The typical sorption experiment has been schematically depicted in Fig. 2.8. 
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Fig. 2.3: Schematic diagram of a general procedure for sorption reaction 
 
2.4.1 Sorption isotherms 
 
2.4.1.1 Langmuir isotherm 

 
Langmuir [161] adsorption isotherm was originally used for gas- solid phase adsorption onto 

activated carbon. This was the first coherent theory of sorption onto a flat surface based on a 

kinetic viewpoint. The Langmuir equation initially was formulated on the basis of a dynamic 

equilibrium between the sorbent and the sorbate, that is, the rate of sorption is equal to the rate of 

desorption from the surface. The assumptions of the Langmuir model are: 
 
1. Surface is homogeneous, that is, sorption energy is constant over all the sites. 
 
2. Sorption on the surface is localized, that is, atoms or molecules are sorbed at definite, 

localized sites. 
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3. Each site can accommodate only one molecule, or atom. 
 
The assumptions of this model are that adsorption is monolayer and occurs at finite defined 

localized identical and equivalent sites with no hindrance from each other. The mathematical 

expression of Langmuir isotherm is given by Equation.2.9.qe is the amount of adsorbate in the 

adsorbent at equilibrium 

 
Ce/ qe =1/b*qm + Ce/ qm (2.9) 

 
 
Ce – equilibrium concentration 
 
 
qm – Maximum capacity of adsorption at equilibrium 
 
 
b – Langmuir isotherm constant 

 
 
The main aspect of Langmuir isotherm can be expressed by RL, a constant known as the constant 

separation factor or equilibrium parameter which can be used to predict if an adsorption system 

is “favorable” or “unfavorable”. The separation factor, RL is defined by Equation 2.10, where Co 

is the initial solute concentration (mg/L) and b is the Langmuir adsorption equilibrium constant 

(L/ mg). The value of RL value indicates the adsorption nature; it can be unfavorable (RL> 1), 

linear (RL = 1), favorable (0 < RL< 1) or irreversible (RL = 0) 

 
RL, Separation factor=1/1+b C0 (2.10) 

 
2.4.1.2 Freundlich isotherm 

 
The Freundlich isotherm [162] is the earliest known relationship that describes the non-ideal and 

reversible adsorption and can be applied to multilayer adsorption, not restricted to only mono 

layer as in Langmuir isotherm. The linear form of the equation is given in Equation 

 
log qe =log kF+1/n log Ce (2.11) 
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kF – Freundlich constants 
 
 
n – Adsorption intensity 
 
 
The slope gives the value of n which is a measure of sorption intensity or surface heterogeneity 

and the sorption is termed chemisorptions when the value is between 0 and 1. The value of n if 

within the range of 1-10, indicates favorable sorption. 
 
2.4.1.3 Temkin isotherm 

 
Temkin isotherm [163] considers a heterogeneous surface, where no molecular interaction exists. 

It is based on Langmuir sorption isotherm. However, like Langmuir model, it does not take into 

account the lateral interaction between the sorbates. Temkin isotherm assumes that the decrease 

in the heat of sorption as a function of temperature is linear rather than logarithmic. The heat of 

sorption of all the molecules in the layer would decrease linearly with coverage due to sorbate-

sorbent interactions. The linear form of the Temkin model is given as, 
 

qe = (RT/b)ln A +(RT/b)lnCe (2.12) 
 

A((L mg
−1

) – Tempkin isotherm equilibrium binding constant 

 

b – Tempkin isotherm constant is dimensionless, R is the gas constant 
 
 
T is the absolute temperature. A linear plot of qevs.ln (Ce) enables the determination of the 

isotherm constants KT and b, from the intercept and slope, respectively. 
 
2.4.1.4 Dubinin-Redushkevich isotherm 

 
The Dubinin–Radushkevich isotherm [164] is an empirical model initially conceived for the 

adsorption of subcritical vapors onto micro porous solids following a pore- filling mechanism. 

This model is often successful for high and intermediate concentration ranges but deviates at 
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lower concentration. This has been used to distinguish the physical and chemical adsorption of 

metal ions. The model is expressed by following Equation: 
 

lnqe = lnqm – ȕε2
 (2.13) 

ε=RT ln(1+1/Ce) (2.14) 

E= (2.15)  

 

Where ȕ is the degree of heterogeneity (0 <ȕ< 1) andε is the Polanyi potential.E is the mean free 

energy per molecule of adsorbate can be computed by the above equation. 
 
2.4.1.5 Redlich-Peterson isotherm 

 
Redlich–Peterson isotherm [165] is a hybrid isotherm of Langmuir and Freundlich isotherms 

incorporating three parameters into an empirical equation stated below. 

 
 

 

(2.16) 

 
This model incorporates a wide concentration range which can be applied to homogeneous and 

heterogeneous systems. In this isotherm model linear dependence on concentration in numerator 

and exponential dependence on concentration is there to incorporate Langmuir and Freundlich 

isotherm features. 
 
2.4.1.6 Sips isotherm 

 
Sips isotherm [166] is also a combined form of Langmuir and Freundlich isotherms for 

predicting heterogeneous sorption systems. At low concentration, the equation reduces to 

Freundlich isotherm where as at high concentration of the adsorbate the equation reduces to 

Langmuir, Isotherm predicting a mono layer adsorption capacity. The equation is written as 

 

qe = (2.17)  
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2.4.2 Sorption kinetics 

 
Sorption kinetics gives an idea about the time-dependent evolution of the sorption process until 

equilibrium is reached. Such studies yield information about the possible mechanism of the 

sorption, effectiveness of adsorption and the different transition states involved on the way to the 

formation of the final sorbate-sorbent complex. The results of such study help to develop 

appropriate mathematical models, to describe the interactions. In this work, four different models 

have been used for predicting the adsorption kinetics on to the different adsorbent used. These 

are: 
 
2.4.2.1 Pseudo first-order kinetic model 

 
Lagergren equation [167] is probably the earliest known one, describing the rate of sorption in 

the liquid-phase systems. This equation is called the pseudo first-order equation, or the 

Lagergren’s rate equation, and can be written as 

 
Log (qe-qt) =log qe – ((k1*t)/2.303) (2.18) 

 
Where qt is the amount of sorbate sorbed at time t, and k1 is the rate constant of the first order 

sorption. The values of k1 and qe can be determined from the slope and intercept, respectively, of 

the straight line plot of log (qe - qt) versus t. 
 
2.4.2.2 Pseudo second-order kinetic model 

 
The pseudo second-order kinetics [168] is usually associated with the situation, when the rate of 

direct sorption/desorption process controls the overall sorption kinetics. The pseudo second-

order kinetic model is expressed as 

 
 
 

 

(2.19) 
 
k2ads  is the rate constant of the pseudo second-order sorption and the plot of t/qtvs. t gives a 
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straight line from where the slope and intercept of the values of qe and h, respectively, can be 

determined. 

 
2.4.2.3 Elovich model: Elovich equation [169] is used to describe second order kinetic assuming 

the actual solid surfaces are energetically heterogeneous but the equation does not propose any 

definite mechanism for adsorbate- adsorbent. The equation depicting the Elovich model is given 

as follows: 
 

qt=ln (ae be)/be+(1/be) ln t (2.20) 

 
Where, ae is the initial adsorption rate (mg/g min) be is related to the extent of surface coverage 

and activation energy for chemisorptions (g/mg). 
 
2.4.2.4 Intraparticle diffusion model 
 
This model [170] is represented by the following equation: 
 

qt=kd t
1/2

+C (2.21) Where kd is the intraparticle diffusion rate 

parameter and C (mg/g) is a constant that gives an idea about the thickness of the boundary layer. 

The values of kd and C can be determined from the slope and the intercept, respectively, of the 

plot of qtvs t
1/2

. 

 
2.5 Error analysis: Linear regression is the most efficient tool for defining the best fitting 

relationship which quantifies the distribution of adsorbates, mathematically analyzing the 

adsorption systems and varying the consistency and theoretical assumptions of an isotherm 

model [171]. For the simplicity of theoretical calculation, isotherm equations are linearized 

which results into different observations of dependent value i.e. maximum sorbed quantity for 

different linear form for a single isotherm model equations. These differences in outcomes for 

different linearizes form of a linearized non linear equation arise from the variation in the error 

structure related to this transformation of linearzing the non linear equation. On doing this, the 
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basic assumption of linear regression analysis is violated which causes distortion of experimental 

error, different axial setting etc [172]. For all these reasons, Non linear regression analysis has 

been adopted to estimate the best fit isotherm for sorption studies. It has the advantage of not 

altering the error distribution as there is no involvement of linearization is there and the equation 

is used as it is without any transformation, thus no axial change. This method assumes a trial and 

error calculation in a computer operation followed by an iterative method for minimization of the 

error. For minimization of error, it follows some statistical functions. The minimum value of 

these statistical error functions will give the idea for best fit isotherm for the sorption process for 

a particular metal ion onto a sorbent. The statistical error functions used here are stated as below. 

 
SAE=EABS = um of Absolute Error (mg/g), with an increase in the errors 

will provide a better fit, leading to the bias towards high concentration range. 
 

ARE= age Relative Error, It indicates a tendency to underestimate or 

overestimate the experimental data, thus it will attempt to minimize the fractional error 

distribution across the entire studied concentration range. 

 
MPSD=100*SQRT , Marquardt’s Percent Standard 

Deviation, It is nearly a modified geometric error distribution 

 
MPSED =SQRT , it is the same as MPSD but it 

takes account for the squares value of experimental data. 
 
SSE= , Sum of the Squares of the Error, most widely used error function. At higher 

end of the liquid concentration range and squares of the errors tend to increase, and then SSE 

will be useful for error estimation. 
 
 
ARED= , Average relative Error Deviation 
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ARS= , Average relative Standard Error 
 

HYBRID= , Hybrid Fractional error function 
 
introduced to include low concentration range error. 
 

q (%) =100* ARS, Normalized Standard Deviation  
 

 

Standard deviation of Relative Error (RE) =SQRT 
 

 

Chi Squared ᴂ2
= , chi squared Error, very powerful statistical tool for the best fit 

 
for an adsorption system. It is obtained by judging the sum squares differences between the 

experimental and the calculated value of data with each squared difference is divided by its 

corresponding value. 

 
2.6 Conclusion: In conclusion this chapter gives detailed description of synthesis methodology 

characterization techniques and general idea about sorption study carried out in this work. The 

specific examples will be discussed in subsequent chapters. 
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CHAPTER 3 
 
 

Sorption of uranyl and other metal ions using 
 
 

nanocrystalline manganese oxide (MnO2) sorbent 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

---------------------------------------------------------------------------------------------------------- 
 

The work reported in this chapter has been published as follows: 
 

Sorption characteristics of nano manganese oxide: Efficient sorbent for removal 

of metal ions from aqueous streams  
J. Mukherjee, J. Ramkumar S.Chandramouleeswaran, R.Shukla and A.K.Tyagi 
Radioanal. Nucl. Chem. 297 (2013) 49-57 



 



 
3.1 Introduction: Separation of metal ions for the selective sorption of an ion of interest from 

aqueous stream is of great importance in different fields like recovery of precious metal ions 

from the waste, hydrometallurgy, removal of toxic metals from the environment etc. Selective 

separation of uranium ions (uranyl ion) from a source containing the different metal ions at low 

concentration level has attracted the attention because of its importance in nuclear industry. 

There are a number of procedures including solvent extraction and membrane separation for the 

separation of metal ions. Although widely used in nuclear fuel reprocessing, traditional liquid– 

liquid extraction still has disadvantages such as the use of toxic or flammable solvents, the 

formation of emulsions, and the generation of large volumes of secondary hazardous organic 

wastes. In contrast, solid-phase extraction based on solid sorbents with large sorption capacity is 

preferred due to its simplicity, reliability, low consumption of solvent, and the ability to achieve 

a high separation factor [173–179]. A great deal of research is carried out continuously to 

develop new sorbents which are cheap and easily available so that they need not be regenerated 

using expensive processes after their use for sorption. Hence the research in developing new 

sorbents can be focused on the development of simple and economic procedures for the synthesis 

of the sorbents or on the development of methods for the reusability of these sorbents. 

Nanocrystalline compounds appeared as a good alternative sorbent due to their improved 

sorption characteristics resulting from high surface area and surface active sites. Transition metal 

oxides constitute one of the most fascinating classes of the inorganic solids capable of exhibiting 

wide variety of structures and properties. Residual surface hydroxides can contribute to the rich 

surface chemistry exhibited by metal oxides and this chemistry is generally attributable to Lewis 

acid, Lewis base, and Bronsted acid sites of varying coordination. Different techniques like 

solid-state synthesis, sol-gel etc have been used for the preparation of transition metal oxides 
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[180-192]. One such important type of oxide is the manganese dioxide. The use of functionalized 

nanoparticles has been reported for sorption of uranium. However, in the present study, the aim 

was to use the nanooxide without any functionalization and thus avoid the additional step of 

surface modification and to see if there was a possibility of achieving removal for metal ions of 

interest. Therefore, in this work, the synthesis of nano-manganese oxide was carried out and its 

potential application as room temperature sorbent for uptake of different metal ions including 

uranium has been investigated. Various experimental conditions were optimized to get maximum 

uptake. 

 
3.2 Synthesis and characterization of nano manganese oxide: The nanocrystalline MnO2 was 

prepared by treating KMnO4 with excess of ethanol [146]. The synthesis and characterization 

procedure has been given in Chapter 2. 
 

3.3 Sorption experiments: The uptake studies were carried at room temperature (25
o
C) in batch 

mode using aqueous solutions containing metal ion or its mixture with other cations. 10 ml of 

aqueous metal ions of interest (or mixture) solution of known concentration at a particular pH 

was equilibrated with a weighed amount of oxide sample for a known period of time. The 

concentration of metal ion left behind in solution after equilibration was determined. The pH of 

the solution before and after equilibration was also measured. The solution after equilibration 

was analyzed completely for the presence of other cations using atomic emission spectroscopy. 

The oxides after equilibration were again characterized using XRD technique. 

 

 

3.4 Results and discussions 

 
3.4.1 Characterization of nano manganese oxide: The nano MnO2 powder sample obtained 

was characterized using different techniques. The X-Ray diffraction pattern of the nano 
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manganese oxide is shown in Fig. 3.1(a) and matches well with the reported data on MnO2 [PC-

PDF number # 440141]. However, the much higher background in this XRD pattern shows a 

poor crystallinity in this sample. The average crystallite size calculated from the Scherrer’s 

formula was found to be ~ 8 nm. The TEM micrograph (Fig.3.1b) confirms the results obtained 

by XRD. The surface area of the synthesized nano oxide is 145 m
2
/g and this when compared to 

the bulk MnO2 obtained from Alpha AESAR was far superior. The comparisons of the data for 

the bulk and nano oxides are shown in Table 3.1. 

 
Table 3.1: Physical characteristics of nano and commercially available MnO2 

 
 
 
 

Sample name Zeta potential(mV) Surface area (m
2
/g) Pore volume(cm

3
/g) 

    

MnO2 (commercial) -17.3+1.0 ~16 0.049 
    

Nano MnO2 (present study) -47.6+4.6 ~145 0.729 
     
 

 

The zeta potential values for the nano manganese oxide were measured as a function of pH and 

the results are shown in Fig.3.2. 
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Fig. 3.1: (a): XRD pattern and (b): TEM micrograph of nano manganese dioxide 
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Fig 3.2: Variation of surface charge of Nano MnO2 with pH 

 
3.4.2 Sorption studies: Manganese oxide in bulk form is known to take up most metal ions. 

However, in the present study it was seen that the powder characteristics of the synthesized 

nano-manganese oxide are much superior to that of bulk and hence it was expected the uptake of 

metal ions would be much superior to that of commercially available MnO2. Earlier studies on 

the use of the manganese oxide in both bulk and nano form showed that the sorption efficiency 

for metal ions of the manganese oxide was far superior to the bulk manganese oxide [146]. It is 

to be noted that the present work deals with the use of nano manganese oxide for the removal of 

different metal ions including uranyl ion. Reports reveal the sorption of uranium has been carried 

out using various solid phase materials [193-199]. Further it is to be noted that the use of nano 

manganese oxides for the studies of sorption of uranyl and transition metal ions have not be 

covered to such an extent. Hence it was thought that the transition metal oxide with easy 

preparation procedure and relatively low cost could be used as possible alternative sorbent. 
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Hence the studies were carried out with an aim to evaluate whether the nano manganese oxide 

could have some sorption properties for transition and uranyl metal ions. 

 
Various experimental parameters were studied to get the optimum conditions to achieve 

maximum uptake of metal ions. The sorption studies were not carried out as a function of 

different particle sizes. The nanoparticles synthesized in one single batch were used for the 

sorption with an aim of understanding the role of surface phenomena in sorption. It was also of 

interest to know whether nano manganese oxide could have a possible application to actual 

samples at room temperature. Manganese oxide in bulk form is known to take up most metal 

ions. The different parameters were optimized to obtain maximum uptake. In the present study, 

the sorption of single ions of copper, nickel, cobalt, zinc and uranyl ions was studied. From the 

results of the single ion studies, it was proposed to understand whether a selective uptake of the 

ions could be achieved. 

 
The time of equilibration is an important parameter which affects the sorption phenomena. The 

studies were carried out by equilibrating 10 mL of metal ion solution 

(Cu
2+

/Ni
2+

/Co
2+

/Zn
2+

/UO2
2+

) maintained at pH of 5 with 0.1 g of the nanoxide. The results of 

the studies are given in Table 3.2. 
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Table 3.2: Experimental factors for various single ion studies to get maximum uptake 
 

 

Metal Ions Time of equilibration (h) pH 

   

Cu
2+

 2 3 
   

Ni
2+

 3 5.5 
   

Co2+ 8 3-5 
   

Zn2+ 3 5 
   

UO2
2+

 8 4.5 
   

 
 
 
 
It is seen that the time of equilibration needed for the transition metal ions were 3 h whereas the 

period of equilibration for uranyl ion is 8h. The studies were carried out for cobalt (II) even for 8 

h to reveal that even after 8h of equilibration, the uptake of cobalt is low. This gives an idea of 

difference in the kinetics of uptake of the metal ions by nano manganese oxide. 

 
Since the nano manganese oxide carries a surface charge which varies with pH, it is expected 

that the initial pH of the solution will have an effect on the sorption behavior. In order to 

understand this effect, 10 mL of uranyl ion solution of 10 mg/L concentration was equilibrated 

with 0.1 g of sorbent for a period of 3h for transition metal ions and for 8h for uranyl ion and the 

results are shown in Table 3.2. It is seen that maximum uptake for the different metal ions was 

different thus providing a means for separating the metal ions from one another. It was observed 

that at lower pH values, the uptake is low and with increasing pH, it increases and reaches a 

maximum at the particular pH. With further increase in pH, there is a decrease in the amount of 

metal ion taken up. All these results can be explained as follows. At lower pH of 2, it is seen that 
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the surface charge is positive due to the protonation of the surface active sites, resulting in lower 

up take of metal ions. In this pH, the metal ions are exchanged with the protons on the surface of 

manganese oxide and therefore there is some uptake despite the surface charge being positive. At 

pH greater than 3, the surface is negatively charged and the electrostatic attraction becomes 

responsible for the increased uptake of cations. With further increase in pH, the hydrolysis of 

metal ions becomes a dominant and results in the decrease in the uptake of metal ions [200]. The 

single ion studies of transition metal ions like Cu
2+

, Ni
2+

, Co
2+

 and Zn
2+

 were also studied as a 

function of pH. The results of all these studies are given in Table 3.2. At the optimized period of 

equilibration, the amount taken up was studied as a function of pH and the results are shown in 

 
Fig 3.3.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3.3: Effect of pH on the amount of metal ions (UO2
2+

, Cu
2+

, Ni
2+

, Co
2+

, Zn
2+

) taken 

up at optimized time of equilibration 
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It is seen that the amount of cobalt taken up as a function of time and pH was less than 40%. 

Thus it is seen that for other ions, the optimized pH could be used for removal of the metal ions 

from one another. 

 
The effect of initial concentration on the uptake studies was carried out by varying the initial 

metal ion concentration in the range 10-100 ȝg/mL at the conditions of pH optimized for each 

metal ion. The results are plotted in Fig. 3.4. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.3.4: Effect of initial metal ions (UO2
2+

, Cu
2+

, Ni
2+

, Co
2+

, Zn
2+

) concentration on 

the amount taken up 
 
From the studies, it is seen that in the concentration range studied, the amount taken up increases 

with the initial metal ion concentration and for Ni
2+

 and Zn
2+

, it nearly reaches saturation. 
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However, for other two metal ions it does not reach saturation, indicating that the uptake 

capacity of nano manganese oxide is higher for these two metal ions. 

 
The effect of interferences of these ions on one upon another becomes an important issue as it is 

seen that the all the ions show uptake by manganese oxide. In order to get some idea as to the 

interference studies, the effect of various ions on the uptake of uranyl ion was studied from 

binary mixtures with compositions given in Table 3.3. 

 
Table 3.3: Uptake studies using binary mixtures containing uranyl ion and the various 

 
other ions in varying concentration levels 

 
 
 
 

Interfering ions      

 Initial  concentration  (ppm) in Final   concentration   (ppm)   in 

 solution   solution  
      
    Uranyl  

 Uranyl ion Interfering ions  ion Interfering ions 
      

Na
+

 1 1  0.2 1 
      

 10 10  0.5 9.8 
      
 10 100  0.5 98.1 
      

K+ 1 1  0.5 0.75 

 10 10  - 9.2 
      
 10 100  1.2 97.1 
      

Ba
2+

 1 1  0.8 0.65 
      

 10 10  - 8.9 
      
 10 100  0.51 91.3 
      

  68    



 

Cu
2+

 1 1 0.29 0.54 
     

 1 10 0.72 3.6 
     
 10 10 0.1 3.1 
     
 10 95.2 3.4 65 
     
 10 952 3.6 794 
     

Ni
2+

 1 1 0.39 0.78 
     

 1 10 0.85 4.8 
     
 10 10 0.1 6.9 
     
 10 100 1.1 82.3 
     

Co
2+

 1 1 0.4 0.95 
     

 1 10 0.7 6.63 
     
 10 10 0.11 6.87 
     
 10 100 0.5 73.6 
     

Zn
2+

 1 1 0.35 0.25 
     

 1 10 0.7 6.1 
     
 10 10 0.01 7.8 
     
 10 65.4 0.4 48.6 
     
 10 100 1.1 88 
     
 10 654 1.9 524 
     
 

 

From the table, the value of uranium left behind in solution is given for each binary mixture. It is 

seen that the effect of interference of the other metal ions is severe for lower concentrations of 

uranium in the mixture. Based on the binary mixture studies, the system was applied to a 
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mixture containing all these ions in different concentration ratios and the results are shown in 
 

Table 3.4. 
 

Table 3.4: Uptake studies using mixtures containing uranyl ion and the various other ions 
 

in varying concentration levels 
 

 Initial concentration (ppm) of Final concentration 

   (ppm) of uranyl ion 

     
 Uranyl Other ions   

 ion    
     

Mixture 1 1 10 ppm each of Zn
2+

, Co
2+

, Cu
2+

, Ni
2+

 0.63  

     
Mixture 2 10 All ions of 10 ppm except 95.2 ppm 3.3  

  Cu
2+

 and 65.4 ppm Zn
2+

   
     
 

 

It is seen that in presence of all these ions, the reduction of the uptake is about 30% for higher 

concentration of uranium. Thus all these studies showed that interference is more severe for 

concentration of 1 ppm of uranyl ion. 

 
The effect of sorption on the nature of oxide is evaluated to establish the stability of the 

nano manganese oxide after equilibration. This is an important aspect for the nano-manganese 

oxide to have potential application as sorbent for removal of metal ions. Therefore, the nano 

manganese oxide was again characterized using XRD after equilibration, to ascertain whether 

there are any structural changes due to equilibration. XRD patterns showed that the original 

oxide did not undergo any change or degradation due to sorption confirming that the metal ions 

ion is exchanged with the active sites present in the oxide and does not cause any structural 
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degradation. Further, the analysis of the filtrate after equilibration did not reveal the presence of 

manganese indicating the stability of these oxides during equilibration. 

 
3.4.3 Modeling of the data: In order to understand the sorption of the different ions on the 

surface of the nano-oxide, the data are fitted to various models for both equilibrium and kinetic 

modeling. An adsorption isotherm is a curve describing the phenomenon governing the retention 

of a substance from the aqueous media to a solid-phase at a constant temperature and pH. 

Adsorption equilibrium is established when an adsorbate containing phase has been contacted 

with the adsorbent for sufficient time, with its adsorbate concentration in the bulk solution is in a 

dynamic balance with the interface concentration and the ratio between the adsorbed amounts 

with the remaining in the solution is calculated. The mathematical correlation is an important 

aspect of modeling analysis and is depicted graphically and gives an understanding of the degree 

of affinity of the adsorbents. There are a number of equilibrium isotherm models which have 

been used for understanding the sorption process. However, an interesting trend in the isotherm 

modeling is the derivation in more than one approach, thus directing to the difference in the 

physical interpretation of the model parameters. The equilibrium modeling can be classified into 

two categories namely two and three parameter models based on the number of parameters 

associated in the model equation. 

 
3.4.3.1 Two parameter isotherms: Langmuir isotherm is one of the best examples in this 

category and the Langmuir isotherm can be used to compare the sorption efficiency of various 

sorbents. The model makes some basic assumptions like monolayer adsorption (the adsorbed 

layer is one molecule in thickness), at a finite (fixed) number of definite localized sites, that are 

identical and equivalent, with no hindrance between the adsorbed molecules, even on adjacent 

sites [161]. Thus Langmuir isotherm refers to homogeneous adsorption, which each molecule 
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possess constant enthalpies and sorption activation energy (all sites possess equal affinity for the 

adsorbate) [201], with no transmigration of the adsorbate in the plane of the surface resulting in 

equilibrium saturation where once a molecule occupies a site, no further adsorption can take 

place. This is given by the plateau in the graph. It is also to be understood that there is a rapid 

decrease of the intermolecular attractive forces with increase in distance. The mathematical 

expression of Langmuir isotherm is given in equation 2.9. The main aspect of Langmuir isotherm 

can be expressed by RL, a constant known as the constant separation factor or equilibrium 

parameter which can be used to predict if an adsorption system is “favorable” or “unfavorable”. 

The separation factor, RL is defined by Eq.2.10. 

 
Another example of two parameter model is the Freundlich isotherm [202] which is the earliest 

known relationship that describes the non-ideal and reversible adsorption and can be applied to 

multilayer adsorption [162]. The linear form of the equation is given in Eq.2.11, the slope gives 

the value of n which is a measure of sorption intensity or surface heterogeneity and the sorption 

is termed chemisorptions when the value is between 0 and 1. The value of n if within the range 

of 1-10, indicates favorable sorption. 

 
Another type of two parameter models is the Dubinin–Radushkevich isotherm [203] which is an 

empirical model initially conceived for the adsorption of subcritical vapors onto micro pore 

solids following a pore filling mechanism. This model is often successful for high and 

intermediate concentration ranges but deviates at lower concentration. This has been used to 

distinguish the physical and chemical adsorption of metal ions [164].The model equation and 

parameters has been given in Eq.2.13 and 2.14. 

 
Temkin isotherm [163], expressed as inEq.2.12 is another example of two parameters model 

which contains a factor that explicitly takes into the account of adsorbent–adsorbate interactions. 
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By ignoring the extremely low and large value of concentrations, the model assumes that heat of 

adsorption (function of temperature) of all molecules in the layer would decrease linearly rather 

than logarithmic with coverage [204]. 

 
3.4.3.2 Three parameter isotherms: Redlich–Peterson isotherm model is a hybrid isotherm 

featuring both Langmuir and Freundlich isotherms, which incorporates three parameters into an 

empirical equation [205], expressed as Eq.2.16. It has a linear dependence on concentration in 

the numerator and an exponential function in the denominator [206] to represent adsorption 

equilibria over a wide concentration range, that can be applied either in homogeneous or 

heterogeneous systems due to its versatility [207]. Under limiting conditions of very high and 

low concentrations, the model approaches Freundlich (as the exponent tends to zero) and 

Langmuir (as the values are all close to one) isotherm models, respectively. 

 
Sips isotherm model is a combination of both Langmuir and Freundlich expressions and is used 

to predict sorption in [208]; linear form is expressed as in Eq.2.17. At low and high sorbate 

concentrations, it reduces to Freundlich and Langmuir isotherms respectively 

 
The sorption data in the present study has been fitted to the various models given in Chapter 2 

and the respective graphs are given in Fig. (3.5-3.10). 
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Fig.3.5: Langmuir isotherm model for sorption of Cu
2+

, Ni
2+

, Co
2+

, Zn
2+

, UO2
2+

 ions  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig.3.6: Effect of initial metal ion concentration on the Langmuir isotherm model 
 
parameter 
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Fig.3.7: Freundlich isotherm model  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.3.8: Dubinin–Radushkevich isotherm model 
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Fig. 3.9: Redlich–Peterson isotherm model  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.3.10: Sips isotherm model for various metal ions Cu
2+

, Ni
2+

, Co
2+

, 
 

Zn
2+

, UO2
2+

 
 
The various parameters calculated from the different plots are given in Table 3.5. 
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Table 3.5: Parameters calculated from the different equilibrium models 
 

Model Langmuir Freundlich Dubinin–  Redlich–  Sips  

     Radushkevich Peterson    

           

 Q
o

 B K f n Q  A g a B/g 

 (μg/g)          

           

UO2
2+

 526 0.022 22.8 1.56 259 2E-5 0.4 0.54 0.99 1.9 
           

Cu
2+

 2439 0.003 12 1.2 3650 3E-5 0.18 0.42 1.02 2.3 
           

Ni
2+

 5555 9E-4 5 1.02 2731 3E-5 0.01 0.43 0.96 2.6 
           

Co2+ 200 0.023 15 2 121 2E-5 0.57 0.62 0.99 1.6 

Zn
2+

 6250 0.001 8 3.05 3474 3E-5 0.05 1.05 0.73 2.3 
           
 

 

3.4.4 Sorption mechanism: Based on all the different studies, a mechanism was proposed for 

the possible uptake of metal ions. The pH variation showed that the uptake followed an ion 

exchange or an ion interaction mechanism. This was confirmed by the decrease in the pH of the 

solution after equilibration. This showed that on uptake of metal ions, there was a release of 

proton resulting in the decrease in the pH of the solution after equilibration. However, the change 

in pH even for a very high concentration of metal ions is very marginal showing the potential 

application of the oxide for sorption applications. A possible explanation of the uptake is as 

 

follows. Metal oxides will have units like M-O
+

and M-O
-

 based on the pH of the solution with 

which they are in contact. It is these units, which help in sorption of metal ions. At lower pH, the 

cationic species will predominate but at higher pH, it is the anionic unit, which predominates. 

The cationic species will take up metal ions ion resulting in release in protons. However this 

mechanism of uptake is not very favored and so at lower pH, the uptake of metal ions is less. 
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With increase in pH, the metal ions ion will interact with the anionic species and get sorbed on 

the surface. Zeta potential measurements give an idea of the surface charge. When the surface is 

negatively charged, it will take up cations, including the protons in solution. Hence when the 

metal ions are taken up, there is a release of proton in solution thus leading to decrease in the pH 

of the solution. This phenomenon is quite clear at pH less than that of point of zero charge. At 

pH values above the point of zero charge, the surface is negatively charged and hence there is a 

direct uptake of the metal ions. However, at higher pH, the hydrolysis of metal ions become 

more predominant and thus results in the reduction of sorption. 
 
3.5 Conclusions 

 
Nanocrystalline manganese oxide was prepared by the hydrolysis of KMnO4 and it was found to 

have a size of 8 nm and surface area of 145 m
2
g

-1
. Due to the high surface area, the sorption of 

the metal ions of interest on the nano manganese oxide was high. It was found that the sorption 

was achieved at different pH values and with varying time of equilibration. Thus it is seen that 

the kinetics was an important aspect for the separation of metal ions. However, it was seen that 

the interferences was appreciable when metal ions were in low trace levels. Thus nano 

manganese oxide was found to be a good room temperature sorbent. The present study showed 

that the kinetics of sorption for different metal ions are different and hence there is a possibility 

of separating the transition metal ions from a solution mixture containing these ions along with 

uranium, thus leaving behind a nearly pure uranyl ion solution. Thus the favored sorption 

properties of the nano manganese oxide with respect to the transition metal ions can be used for 

the purification of mixture of ions. It is to be noted that the manganese oxide used in the present 

study has been used as such without any modification. The maximum capacity obtained in the 

present study is comparable to mesoporous silica sorbents but is less compared to polyacrylic 
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ester resins. However, the main aspect of these results showed that there is a possibility of using 

the nano manganese oxide as room temperature sorbent for engineering scale separation. 

Another advantage of MnO2 is that it is amenable to glassification. 
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Chapter 4 
 
 

Sorption of radioactive cesium and strontium 
 
 

on nanocrystalline magnetite based sorbents 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

---------------------------------------------------------------------------------------------------------- 
 
The work reported in this chapter has been published as follows: 
 
Uptake of Cs and Sr radionuclides within oleic acid coated nanomagnetite-haematite composite 

Joyeeta Mukhopadhyay, Pranesh Sengupta, D. Sen, S. Mazumdar and A.K. Tyagi J. Nucl. 
Mater. 467 (2015) 512-518 



 



4.1 Introduction 
 
 
The concept of deep geological disposal of high level nuclear waste for its isolation from 

biosphere for nearly one million years is widely accepted among the countries which are 

pursuing nuclear energy generation program [209-214]. Over the last two decades significant 

progress has been made in the (i) development of new inert matrices for immobilization of high 

level liquid wastes [215-223] and (ii) management of radioactive metallic wastes [224-229]. 

Parallel to this, initiatives have also been taken to develop ‘environmental clean-up 

methodology’ in case of unforeseen release of radionuclide’s within ‘near-field’ domain of 

geological repository due to unlikely pre-mature breach in ‘engineered barrier system’ 

components, especially canisters and over packs which are made-up of iron (Fe) based alloys i.e. 

stainless steels (SS 304, SS 316 etc). This exercise becomes all the more important after the 

recent reports on (i) leakage in high level nuclear waste from storage tank at Hanford, USA [230] 

and (ii) environmental contamination due to Fukushima accident [231-232]. In such situations of 

release of radioactivity, major threats come from 
137

Cs and 
90

Sr radio nuclides as they get very 

easily mobilized within geochemical environment and can get accumulated within biological 

systems, including human beings, through elemental substitution routes [216, 230-232]. The 

concerns associated with 
137

Cs and 
90

Sr radio nuclides are their short half-lives (~30 years) and 

heat generation plus emission of Ȗ-rays and ȕ–particles during decay. To address this issue it is 

therefore important to identify a novel material which not only can absorb 
137

Cs(I) and 
90

Sr(II) 

radio-nuclides in high quantity but also should be compatible with natural rocks, especially soil. 

Additionally structure of the material should be resistant to radiation damage over long time 

scale. 
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Towards this objective natural analogues were studied as part of present thesis, particularly from 

uranium ore horizons associated with shear zones, as along such zones ‘crustal fluid – host rock’ 

interactions are reported to be significant [233-234]. In many such cases it was noted that 

magnetite is a common accessory mineral which remains associated with radioactive uraninite 

(UO2) over long time scale (hundreds of millions year) without showing any structural changes 

due to associated radiation source. An example of such a coexistence of uraninite and magnetite 

over 1800 million years has been documented by Krishna Rao et al. [234]. The sample was 

collected from Narwapahar uranium ore mine of ‘Singhbhum shear zone’, India. Like uranium, 

association of cesium (Cs) and strontium (Sr) with iron-oxides have also been reported in nature. 

In fact radioactivity release in nature, often lead to dissolution of certain soil minerals and the 

iron content of the same are generally found to precipitate as iron oxide with which radioactive 

137
Cs and 

90
Sr get associated [230]. Because of the importance of iron in controlling mobility of 

radio-nuclides within deep geological repository, France carried out detail geochemical 

investigation in Bure Callovian-Oxfordian formation where they propose to build ‘underground 

repository laboratory (URL)’ [235]. 

 
No wonder, earlier researchers have also noted these advantageous geochemical and 

radiochemical feature of magnetite [236] and carried out some experimental sorption studies 

with radio-nuclides e.g. uranium, technetium, cesium, strontium etc [237-242]. Most of these 

experiments offered better results with nanomagnetite particles. Such nanoparticles, in the form 

of iron oxides and hydroxides, are quite common in nature especially within weathered rocks 

(physical erosion of minerals or chemical alteration) and direct precipitates from ground water 

 
[243]. Over the last few years considerable efforts have been made to synthesize iron oxide 

nanoparticles using different routes e.g. co-precipitation, thermal decomposition, hydrothermal-, 
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micro emulsion, sonochemical, electrochemical, laser pyrolysis and bacterial methods etc. [244]. 

However, the major difficulty faced with these procedures was to obtain monodispersed, 

biocompatible nanomagnetite with optimum shape and size synthesis etc. Further, nanomagnetite 

being hydrophilic in nature makes its applications all the more difficult in specific cases e.g. 

nuclear waste management. It is understood that nanomagnetite can exhibit its beneficial novel 

physical and chemical properties the best only when it is of particular shape, size and structure. 

To circumvent such shortcomings, composite nanoparticles with functionalized surface have 

been proposed in literature [245-247]. Keeping this in mind, in the present investigation an 

attempt has been made to synthesize nanomagnetite with hydrophobic oleic acid shell (CH3 

(CH2)7CH.CH(CH2)7COOH) and silica coated shell to examined their Cs and Sr sorption 

capacity over wide pH range. The effect of experimental parameters such as pH, initial 

concentration, and contact time for cesium and strontium removal were studied for these 

materials. However, considering the geological repository environment where partial oxidation 

of magnetite to hematite cannot be ruled out, a composite of nanomagnetite – nanohematite has 

also been synthesized rather than nanomagnetite alone. Again, the bare metal oxides are not 

target selective, so unsuitable for complicated matrix samples. Thus the modification with a 

suitable coating with silica and oleic acid makes them efficient sorbent for target specific 

caesium or strontium removal. 

 
4.2 Synthesis and characterisation of magnetites: The synthesis and characterisation 

procedure for magnetite, oleic acid coated and silica coated magnetite has been discussed in 

details in chapter 2. 

 

4.3 Sorption experiments: The uptake studies were carried at room temperature (25
o
C) in batch 

mode using aqueous solutions containing metal ion. 10 ml of aqueous metal ion [cesium (I) 
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/strontium (II)] of interest solution of known concentration at a particular pH was equilibrated 

with a weighed amount (0.1 mg) of magnetite sample for a known period of time. The 

concentration of metal ion left behind in solution after equilibration was determined. The oxides 

after equilibration were again characterized using XRD technique. 
 
4.4 Results and discussion 
 
 
4.4.1 Structural and micro-structural studies 
 
 
Crystallographic studies of nanocomposite samples were done using X-ray powder diffraction 

method and Transmission Electron Microscopy (TEM). 

 
X-ray diffraction pattern [PC-PDF number # 190629] of the as-prepared nanocomposite is shown 

in Fig. 4.1 (a), (b) and (c). High resolution electron microscopic images of these three materials 

are shown in Fig. 4.2(a-c). Grain sizes of the as prepared samples are found to be 10 nm on an 

average and for oleic acid coated magnetite it is 8 nm on an average and for silica coated 

magnetite it is 15 nm. A careful observation of the images reveals that grain-clustering effect is 

much less in oleic acid coated and silica coated sample compared to the as prepared sample. This 

is essentially due to development of greater ‘weak repulsive potential’ within the later two 

samples as evidenced from zeta potential study of all the three materials. 
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Fig. 4.1: XRD pattern of (a) bare magnetite (b) oleic acid coated haematite - magnetite 
 
composite material (OHMC)  
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Fig.4.1 (c): XRD pattern of silica coated magnetite 
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Fig. 4.2 (a): TEM images of bare magnetite  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.2(b) TEM image of oleic acid coated haematite-magnetite composite material 

(OHMC) 

 
 
 
 
 
 

86 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.4.2 (c): TEM images of silica coated magnetite 
 
 

4.4.2 Small Angle X-ray scattering studies 
 
 
X-ray scattering experiments were performed using a laboratory based small-angle X-ray 

scattering (SAXS) instrument. The sample to detector distance was ~1070 mm and the 

 
wavelength () of X-ray was ~1.54 Å. The scattering intensity was recorded as a function of  

wave vector transfer q (= 
4

 


 
sin

 


 , where 2θ is the scattering angle). The scattered intensity I (q) 
 

 
 
at small angle region corresponding to spherical poly disperse particles, under local mono 

disperse approximation, may be expressed as 

 

            
 

  
D R R 6P q,R 

 
(4.1) 

 

I(q)=C       S(q,R)dR  
 

 0           
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where, D(R) represents the size distribution of the basic constituents of the fractal, i.e. D(R)dR 

represents the probability of finding a particle with radius R to R + dR. A standard log-normal 

distribution of the form is given as 

 
  1   [ln(R / R 

0 
) 2 ]  

 

D(R)  
   

exp   
       

 

 

 

 

 

2 
2   

 

  

2 2 R2
 

    
 

          (4.2) 
 

              
 
 
Here, R0 and σ represent the median radius and the polydispersity index, respectively. P(q, R) is 

the form factor of a particle of radius r. In present case, a spherical form factor is assumed for the 

data analysis, 



 sin qR -qRcos qR


2  

 

P q,R =9   (4.3)  
3  

 
qR 

  
 

   
 

 
 
C is the scale factor which is independent of q but depends on the number density of the particles 

and the scattering contrasts (q, R) are the inter-particle structure factor. Due to the slightly 

agglomerated nature of the particles, a mass fractal type structure [248] factor with fractal 

dimension dm was found necessary to explain the functionality of the scattering profile in the 

whole accessible q range. The above model was fit to the experimental SAXS data. The fit of the 

model to the data is depicted in Fig. 4.2 along with the SAXS data. It is found that the model is 

indeed capable of explaining the scattering data in the whole accessible q range. The parameters 

from the fit are tabulated in Table 4.1. It is seen that the median size of the uncoated sample is 

almost double in comparison to that of coated samples. 
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Fig.4.3: SAXS scattering data obtained for as prepared and coated nanocomposites. Model 

fitting is indicated by black line. 

 
Table 4.1: SAXS data for as prepared and coated nanocomposites 

 

 

Sample Ro(nm) Σ dm 

    
Coated nanocomposites 1.2 0.60 2.57 

    
As prepared nanocomposite 2.2 0.64 2.57 

    
 
 

 

4.4.3 Zeta potential study for surface charge 
 
 

Surface charge property of all the samples in the form of zeta potential measurement has been 

carried out. The uncoated nanocomposite has a zeta potential of around -22 mV, whereas oleic 
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acid coated nanocomposite shows value close to -28mV and silica coated sample shows -52mV. 

In oleic acid and silica encapsulated magnetite samples the weak repulsive potential shifts to 

more negative value which gives information that the nanocomposite is more stable while 

dispersed in the solution. Zeta potential study on freshly prepared nanocomposite and oleic acid 

as well a silica coated nanocomposite samples were carried out and the results are tabulated in 

Table 4.3. The leaching of iron and the low negative potential of uncoated nanocomposite drives 

the surface modification of nanocomposite with a long chain fatty acid like oleic acid which can 

modify nanocomposite surface by its COO
-
 and OH

-
 group or in silica surface the surface 

containing SiOH (silanol) group. Thus, in coated nanocomposites the negative potential has 

changed from -22mV to-28mV. The point of zero charge (pzc) for uncoated nanocomposite was 

found to be 7.2 pH. This material shows two point of zero charge due to its designed biphasic 

nature as shown from the XRD image of Fig.4.3 (b).The pzc for silica coated and oleic acid 

coated magnetite were found to be at pH 2.7 and pH 6.9, respectively. 

 
Shifting in weak repulsive potential facilitates enhanced sorption for a longer period of time in 

stable condition in comparison of uncoated nanocomposite which forms larger aggregates. These 

results will be discussed in subsequent sections. 
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Table 4.2: Zeta potential measurement for three different magnetites at different pH 
 

 

Sample ξ(mV) at pH 2 ξ(mV) at pH 5 ξ(mV) at pH 7 

    
Magnetite 8.86 -30.35 -23.64 

    
oleic    acid    coated    magnetite- 3.24 -27.28 -28.68 

haematite composite material    
    

Silica coated magnetite (SM) 6.74 -51.23 -47.83 

    
 
 

 

4.4.4 Magnetic properties study 
 
 
Magnetic properties were analyzed by VSM (Vibrating Sample Magnetometer). The 

magnetization curve shows the room temperature magnetization curves of the bare magnetite, 

silica coated magnetite and oleic acid coated magnetite powder (Fig. 4.4). All the curves show 

no hysteresis or remnant magnetization and thus show super paramagnetism. These particular 

types of super paramagnetic materials are very effective in environmental concern as because the 

separation of material is very quick through an external magnet. As they do not have any 

remnant magnetization, the separation of cesium or strontium is easy when the field is on and 

easily separable in the filtration system. The saturation magnetization of the silica coated 

magnetite was found to be 25 emu /g and that of oleic acid coated magnetite was 30 emu/g. 

These values are about half of the saturation magnetization of the bare magnetite which is 

64emu/g. This is nearly equivalent to having 60 percent of silica or oleic acid in the respective 

coated nano materials. It may be noted that when only oleic acid or silica materials were used as 

sorbent then they could not be easily separated from the solution by applying a strong external 
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field, while the encapsulation of these material on bare magnetite can be separated by applying a 

simple magnetic field. This is another advantage of surface modification by oleic acid or silica. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 4.4: Magnetization curve of all the three magnetite at 50 K 

4.4.5 Iron-leaching studies 

 
The iron leaching after sorption was studied by ICP-AES. Bare nanomagnetite due to its weak 

repulsive potential shows iron leaching in the solution while uptake of cesium or strontium was 

carried out. This showed the highest leaching of iron almost as 25-30 percent, whereas oleic acid 

coated nanocomposite and silica coated magnetite showed less than 1 percent iron leaching from 

the parent solution after sorption, which is a remarkable improvement achieved by surface 

modification. 
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4.4.6 BET sorption isotherm study 
 
 

The Brunauer–Emmett–Teller (BET) surface area was determined by nitrogen sorption using a 

Bel Japan Inc., Belsorp II surface area analyzer. Before the nitrogen adsorption, the samples 

were degassed under flowing argon at 100°C for 10h. 

 
Table 4.3: Summary of specific surface area, pore volume and pore size distribution of 

 
magnetite and oleic acid magnetite 

 
 

 

Sample SBET (m
2
g

-1
) Pore volume (cm

3
g

-1
) Pore size distribution (nm) 

    

Magnetite 47.9 0.17 19.3 
    

Oleic acid coated    

haematite- 78.7 0.22 13.4 

magnetite composite    
    

Silica coated magnetite 10.9 0.13 45.7 
    

 
 

 

4.5 Sorption studies 
 
 

4.5.1 Effect of pH on cesium (I) and strontium (II) ions uptake 
 
 

Sorption behaviour of cesium and strontium on to all these three magnetites at different pH has 

been shown in Fig. 4.5 (a) and (b), respectively. It shows at pH 5 maximum value (99%) of 

sorption efficiency for Cs(I) ion takes place by magnetite, after that uptake slightly decreases 

(90%) in alkaline medium of pH range 6-10, nearly remaining a constant because in all pH range 

the cesium remains as Cs(I) ion in solution. For silica and oleic acid coated magnetite the 

removal remains above 95% in entire pH range which prove the effectiveness of surface 

modification by silica and long chain fatty acid like oleic acid. The high negative zeta potential 

value in this pH ranges show that the solution becomes more stable in these pH ranges. It implies 
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that over the extensive range of acidic to basic medium uptake of cesium on magnetite could be 

achieved. Though in slightly acidic condition (pH 5), removal of waste containing cesium is at 

its best with magnetite but maximum radioactive waste water has a wide range of basic medium, 

so has a limited applicability for use of bare magnetite. 

 
In strontium uptake study among these materials, bare magnetite shows similar trend like the 

other two surface modified materials as opposed to in cesium sorption study and in a wide range 

of pH 5-10 the uptake is nearly constant.The low sorption of Sr(II) in strongly acidic medium 

(pH2-4) was observed which is attributed to the competition between two ions (H
+
 and Sr

2+
) for 

the same active site of magnetite surface. Due to small size, H
+

 ions suppressed the Sr
2+

 ions 

towards sorption at pH 2. However, with gradual increase in sportive solution pH gradually 

decreases the H
+

 ions concentration in solution and thus increased the percent removal of Sr(II). 
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Fig.4.5: Effect of pH on percentage removal of (a) Cs (I) & (b) Sr (II) 
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4.5.2 Effect of initial concentration on cesium (I) and strontium (II) ions uptake 
 
 
The effect of Cs and Sr concentration on sorption was investigated and the comparative results 

are shown in Fig. 4.6(a) and (b). The sorption capacity of the three magnetite based 

nanomaterials for cesium ions was determined, by studying the sorption as a function of cesium 

ion concentration, at 300 K, in a batch mode experiment. The concentration of inactive cesium 

ions in the aqueous solution was increased from 10 mg/L to 100 mg/L, and the qe, maximum 

sorption capacity was determined as discussed earlier in Chapter 2. It was observed that, qe 

increases gradually with increase in cesium ion or strontium ion concentration, and reaches a 

saturation value. The initial concentration provides an important driving force, to overcome all 

the mass transfer resistances to the Cs(I) ions or strontium ions between the aqueous and the 

solid phases. Therefore, a higher initial metal ion concentration will enhance the sorption 

process. The observed results can be explained by the fact that, with increase in concentration, 

the incremental increase in cesium ion uptake by sorbent will be more initially, as a large number 

of active sites are available, but, with further increase in concentration it decreases, as the 

number of the available active sites decreases. The qe value, maximum quantity sorbed per gram 

of sorbent taken was 11.82mg/g for silica coated magnetite and for bare magnetite and oleic acid 

coated magnetite they are 5.91mg/g and 11.33 mg/g, respectively. These values are near the 

experimental adsorbed amounts and correspond closely to the adsorption isotherm plateau, which 

are acceptable. Though it is seen from these results, magnetite gives high value over oleic acid 

coated magnetite but the other factors like leaching of iron from the solution also play a key role 

in selecting the most suitable iron oxide based sorbent. Magnetite, in its aggregated state leaches 

iron in the solution, making the determination process by AAS bit difficult. The maximum 

sorption of Cs (I) occurs at 80 mg/L (nearly 100 %) on freshly prepared magnetite and the uptake 
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also varies between 75% to above 90 % for bare magnetite. However, strontium sorption studies 

revealed that the maximum amount sorbed for magnetite was above 3mg/g at a maximum 

concentration of 100 mg/L. The strontium uptake remained more than double as like 10 mg/g for 

the other two magnetite nano composite materials as shown in Fig.4.6 (b). With increase in 

strontium ion concentration, the entire three materials show increased uptake as the initial 

concentration gives the momentum to resist the mass transfer of ions between solution and 

sorbent. 
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Fig. 4.6(a): Effect of initial concentration on sorbed Cs (I) quantity 
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Fig. 4.6(b): Effect of initial concentration on sorbed Sr (II) quantity 
 
 
4.5.3 Theoretical modelling of sorption data for cesium (I) and strontium (II) ion uptake 
 
 
The distribution of adsorbing elements between the liquid phase and the solid phase when the 

adsorption process reaches equilibrium is indicated by adsorption isotherm. The analysis of the 

isotherm data by fitting them to different adsorption isotherm models is an important step to find 

the suitable model that can be used for predicting adsorption parameters and quantitative 

comparison of adsorbent behaviour and adsorption performance. There are several common 

isotherm models such as Langmuir, Freundlich, Temkin, Redlich- Peterson, Dubinin– 

Radushkevich and Sips models which are used to analyze experimental adsorption equilibrium 

data and to simulate the sorption isotherms. Langmuir model is homogeneous adsorption which 

assumes monolayer adsorption, fixed number of definite identical and equivalent localized sites, 
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with no hindrance between the adsorbed molecules; even on adjacent sites. The monolayer 

coverage is obtained from a plot of Ce/qeversus Ce. The slope and the intercept of the linear 

graph [Fig. 4.7(a) and 4.7(b)] for the three materials obtained from this plot give the value of 

qmand b. The favourability of the Langmuir isotherm is expressed by RL. The RL value indicates 

the adsorption nature; it can be unfavourable (RL<1), linear (RL = 1), favourable (0\RL\1) or 

irreversible (RL = 0). The plot of RL with the variation of initial concentration for all the three 

materials have been shown in Fig.4.8, which indicates the favourability of the sorption reaction 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 4.7(a): Langmuir isotherm plot for Cs (I) sorption 
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Fig. 4.7(b): Langmuir isotherm plot for Sr (II) sorption  
 
 
 
 
 
 
 

(a) 
 

(b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.8(a) and (b): Effect of initial metal ion concentration on the Langmuir isotherm 

model parameter of (a) Cs (I) & (b) Sr (II) 
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Table 4.4: Langmuir effect of initial metal ion concentration on the Langmuir isotherm 

model parameter for Cs (RL stands for separation factor) 

 
 

   Separation Factor (RL)  
 

 
Initial concentration 

   
 

  
RL(oleic acid coated 

 
 

    
 

 (mg/L) 
RL (magnetite) haematite - magnetite RL(silica magnetite) 

 

  
 

   composite)  
 

     
 

 20 0.26 0.09 0.17 
 

 40 0.15 0.05 0.09 
 

 60 0.10 0.03 0.06 
 

 80 0.08 0.02 0.05 
 

 100 0.06 0.02 0.04 
 

     
 

 
 

 

Freundlich isotherm, an empirical equation describes the non-ideal and reversible adsorption and 

can be applied to multilayer adsorption. The Freundlich coefficients n and Kf are obtained from 

the plots of Inqe versus InCe. The comparative plots for Cesium sorption are given in Fig4.9. For 

Sr (II), the data was mostly fitted to Langmuir isotherm; therefore other graphs have not been 

shown. 

 
 
 
 
 
 

 
101 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.4.9 (a) Freundlich isotherm model of cesium (I) sorption 
 
 
The value of n gives the information about sorption intensity or surface heterogeneity. The 

sorption is termed as chemisorptions when the value is between 0 and 1 and if its value is in 

between 1-10, that means the reaction is favourable. 

 
Dubinin–Radaushkevich isotherm model [164] has been used to distinguish the physical and 

chemical adsorptions of metal ions on sorbent surfaces.They have reported that the characteristic 

sorption curve is related to the porous structure of the sorbent. Comparison of sorption isotherms 

of cesium onto three different magnetite nano materials according to the model has been shown 

in Fig.4.10 (a) and (b). The D-R model gives the characteristic sorption curve which is related to 

the porous structure of the sorbent. From the BET isotherm study (Table 4.4); it is clear that 

oleic acid coated magnetite haematite nanocomposite has the highest specific surface area among 
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these materials. The constant ȕ is related to the mean free energy of sorption per mole of the 

sorbate and qm, value of theoretical monolayer saturation capacity has been shown in Table 4.6. 

Only Oleic acid coated magnetite haematite nanocomposite shows best fitted isotherm parameter 

value to support D-R model than the other two materials which shows poor relevance. 

 
 
 
 
 
 
 
 
 
 
 

 
(a) 

 
(b) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.10: D-R Isotherm model for (a) Cs (I) and (b) Sr (II) 
 
 
Temkin isotherm: Another two parameter isotherm equation assumes that the heat of adsorption 

of all the molecules in layer decreases linearly with coverage due to adsorbent-adsorbate 

interactions, and that the adsorption is characterized by a uniform distribution of the bonding 

energies, up to some maximum binding energy. A plot of qeversus ln Ce gives the idea of the 

determination of the isotherm constants b and qm for the three materials as depicted in Fig. 4.11 
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Fig. 4.11: Temkin isotherm model for cesium(I) sorption 
 
 
In the Temkin model, information about the heat of adsorption and the adsorbent–adsorbate 

interaction on surfaces has been considered. The variation of adsorption energy, b, is positive for 

all three materials and has been tabulated (Table no.4.6) which indicate the sorption reaction is 

exothermic. From the data it is inferred that the Temkin isotherm cannot describe the sorption 

isotherms of cesium onto oleic acid coated and silica coated magnetite acceptably except for the 

bare magnetite. 

 
Redlich–Peterson isotherm model, a three parameter isotherm model is a hybrid isotherm 

 

featuring both Langmuir and Freundlich isotherms shown in Fig. 4.12. The Redlich–Peterson 

isotherm and Sips model is the three parameters model which combines the Langmuir and 

 
Freundlich isotherm. Again, examination of the plot shows that the Redlich–Peterson isotherm 
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accurately describes the sorption behaviours of cesium sorption onto silica coated magnetite or 

than the other two nano materials over the concentration ranges studied though all the three 

materials show good R
2
 values for cesium(I) sorption. As all parameters are maximized the 

linear coefficient of determination all materials sharply shows, extremely high R
2
 values which 

indicates, a considerably better fit compared to the earlier used two-parameter isotherms. 
 
 

(a) 
(b) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 4.12: (a) R-P model and (b) Sips model for cesium (I) ion sorption 
 
 
Comparison of the pseudo linearized form of the equation for all the materials gives the isotherm 

constants, A, B and g, value for all the these isotherms were found to be linear over the entire 

concentration range studied with extremely high R
2
 values. The R

2
 values suggest that the Langmuir 

isotherm provides a good model of the sorption constant; b and the saturated monolayer sorption 

capacity, qm for silica magnetite were higher than those magnetite, which is further higher than oleic 

acid coated magnetite. Table 4.6 shows the linear Freundlich sorption isotherm constants, Kf and 1/n, 

and the coefficients of determination, R
2
. Based on the R

2
 values, the linear form of the Freundlich 

isotherm appears to produce a reasonable model for sorption in 
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all three systems, with the cesium sorption onto nano magnetite sorption showing better fit of the 
 
experimental data than the other two isotherms. 
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Table 4.5. Isotherm parameters for adsorption of Cs (I) on magnetite, oleic acid magnetite-haematite 

composite and silica magnetite at 25
0
C 

 
 

 
 

Langmuir isotherm Freundlich isotherm 
 

D-R isotherm 
 

Temkin  isotherm 
Redlich Piterson  Sips 

 

    
isotherm 

 
isotherm 

 

                
 

Sample                   
 

 qmax 
b 

 Kf   
Qm E 

β          
 

 

(mg/g R
2 (mg/g)(mg/L) N R

2 (mol
2 R

2 A(L/g) B R
2 a g R

2 a B/g 
 

 (L/mg) (mol/g) (KJ/mol)  

 

) 
 

n 
  

/J
2
) 

         
 

                
 

                   
 

Magnetite 11.33 0.15 0.88 1.87 1.9 0.99 6.2 4E-7 1.1 0.72 1.86 2.25 0.89 2.82 0.73 0.94 1 0.53 
 

                   
 

OHMC 5.91 0.50 0.99 1.97 2.9 0.69 5.5 8.75E-7 7.5 0.95 4.32 1.23 0.73 2.47 0.89 0.95 1 0.34 
 

                   
 

Silica 
11.82 0.25 0.84 2.67 1.9 0.82 7.6 3.55E-7 1.2 0.84 3.06 2.42 0.86 3.57 0.88 0.96 1 0.52  

magnetite 
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All the above equilibrium isotherms parameters for cesium sorption onto the three magnetite 

materials have been shown in Table 4.6 and/or strontium sorption study, the equilibrium 

isotherm data for Langmuir isotherm plots have been shown in Table 4.7. 

 
Table 4.6: Parameters describing the Langmuir equilibrium isotherm model for Sr  

 
 
 

 

   Parameter  
 

 Nano composite   R
2
 

 

  q0 (mg/g) b (L/mg)  
 

     
 

 Magnetite 29.90 0.19 0.95 
 

 OHMC 1.35 0.16 0.53 
 

    
 

 Silica coated 0.59 0.13 0.36 
 

 Magnetite    
 

     
 

 
 

 

Table 4.7: Langmuir effect of initial metal ion concentration on the Langmuir isotherm 

model parameter for Sr 

 

Initial concentration 
  Separation Factor (RL)  

 

     
 

(mg/L) 

     
 

RL (magnetite)  
RL(OHMC)  

RL(silica magnetite)  

   
 

      
 

20 
0.21  0.24  0.28 

 

     
 

      
 

40 0.12  0.14  0.17 
 

     
 

      
 

60 0.08  0.09  0.12 
 

       

80 0.06  0.07  0.09 
 

100 0.05  0.06  0.07 
 

     
 

      
 

  108   
 



4.5.4 Non Linear Regression analysis of equilibrium isotherm models for cesium sorption 
 
on magnetites 
 
 
The detailed description for non linear regression analysis has been discussed in Chapter 2.The 

error functions used here is sum squared error (SSE), hybrid fractional error function, average 

relative error (ARE), sum of the absolute error (SAE), Marquardt’s percent standard deviation 

(MPSD and MPSED), coefficient of determination, Spearman’s correlation coefficient, standard 

deviation of relative error, non linear chi squared test etc. In case of non linear regression 

models, the best fit of the models to the experimental data mandatorily has nearly zero chi 

squared value and the lower values have been used to further validate the applicability of the 

isotherms. Here all the above six isotherms have been attempted which include four two 

parameters model and two three parameters model isotherm. It was observed that the highest R
2
 

value and the lowest ARED, ARE, SAE, ARS, MPSD, MPSED, Δq SSE and hybrid values were 

suitable and meaningful to predict the best fitting equation models. 

 
4.5.4.1 Calculation of error function 
 
 
All the values of the error functions of the two-parameters and three parameters isotherm models 

are given in Table 4.9 to 4.11.With the help of iteration techniques, aiming for a minimum value 

of these special functions, the isotherm equations has been iterated by a trial and error method. 
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Table 4.8: Error deviation data for different equilibrium isotherm models related to the cesium sorption onto silica capped 
 
nano magnetite using most commonly used error functions 
 
 

Error functions   Isotherm Models    
 

        
 

 Langmuir Freundlich Temkin Dubinin- Radushkevich Redlich Peterson  Sips 
 

        
 

R2 0.886 0.930 0.898 0.910  0.970 0.929 
 

        
 

SSE 3.536 2.170 3.167 550.117  1.804 2.196 
 

        
 

SAE/EABS 3.621 1.560 3.503 38.734  0.472 2.818 
 

        
 

ARE 0.162 0.154 0.165 2.730  0.155 0.100 
 

        
 

ARED 16.209 4.403 16.514 233.022  15.580 15.467  

  
 

        
 

ARS 0.421 0.222 0.215 10.251  0.249 0.221 
 

        
 

MPSD 84.352 44.742 47.894 872.867  55.817 54.886 
 

        
 

MPSED 0.247 0.256 0.249 5.918  0.353 0.313 
 

        
 

HYBRID 0.129 0.256 0.275 4.746  0.389 0.386 
 

        
 

q(%) 42.177 22.202 21.564 1025.175  24.974 22.170 
 

        
 

Spearman 
0.943 0.964 0.947 0.915 

 
0.970 0.964 

 

coefficient  
 

        
 

S Dev of RE 0.943 0.752 0.908 14.132  1.382 0.745 
 

        
 

 0.754 0.600 0.688 228.569  0.623 0.602 
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Table 4.9: Error deviation data for different equilibrium isotherm models related to the cesium sorption onto nano magnetite 
 

using most commonly used error functions 
 
 

Error functions   Isotherm Models    
 

        
 

 Langmuir Freundlich  Temkin Dubinin- Redlich Sips 
 

     Radushkevich Peterson  
 

         

R
2 0.978 0.990  0.916 0.942 0.996 0.959 

 

SSE 1.177 0.299  2.252 3.124 0.094 74.691 
 

SAE/EABS 2.240 1.159  3.033 3.506 0.645 7.444 
 

         

ARE 0.127 0.054  0.147 0.197 0.029 0.586 
 

         

ARED 12.780 5.450  14.707 19.779 2.928 31.459 
 

ARS 0.204 0.072  0.190 0.315 0.036 0.670 
 

MPSD 
35.909 14.815 

 
40.397 56.393 10.046 234.334 

 

  
 

         

MPSED 0.236 0.083  0.219 0.363 0.051 0.948 
 

HYBRID 0.213 0.090  0.245 0.253 0.073 1.466 
 

q(%) 20.448 7.216  19.044 31.521 3.635 67.090 
 

Spearman 
0.983 0.994 

 
0.957 0.949 0.998 0.969 

 

coefficient  
 

         

S Dev of RE 0.472 0.274  0.768 0.873 0.157 3.767 
 

 0.386 0.065  0.489 0.954 0.020 10.982 
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Table 4.10: Error deviation data for different equilibrium isotherm models related to the cesium sorption onto oleic acid 
 
capped nano magnetite using most commonly used error functions 
 
 

Error functions   Isotherm Models    
 

        
 

 Langmuir Freundlich Temkin  Dubinin- Redlich Sips 
 

     Radushkevich Peterson  
 

         

R2 0.912 0.695 0.798  0.610 0.988 0.963 
 

SSE 1.073 3.729 2.466  4.771 0.142 0.453 
 

         

SAE/EABS 1.991 3.838 3.184  4.299 0.679 1.215  

  
 

        
 

ARE 0.079 0.217 0.161  0.232 0.047 0.046  

  
 

        
 

ARED 10.199 21.795 16.185  23.208 5.094 5.236 
 

        
 

ARS 0.143 0.332 0.214  0.303 0.089 0.064 
 

         

MPSD 29.164 60.701 44.098  62.843 17.995 20.309  

  
 

        
 

MPSED 0.165 0.383 0.247  0.350 0.127 0.091 
 

         

HYBRID 0.169 0.363 0.269  0.386 0.127 0.130 
 

        
 

q(%) 14.325 33.213 21.443  30.346 8.980 6.467 
 

        
 

Spearman 
0.957 0.836 0.893 

 
0.958 0.995 0.981 

 

coefficient  
 

         

S Dev of RE 0.453 1.003 0.805  0.872 0.205 0.339 
 

         

 0.255 1.105 0.583  1.184 0.064 0.082 
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4.6 Sorption Kinetics 
 
 
4.6.1 Effect of time on uptake of cesium (I) and strontium (II) ion on magnetites 

 
 
The effect of time on Cs and Sr sorption was also investigated and the comparative uptake of 

cesium and strontium results are shown in Fig. 4.12(a) for cesium and Fig 4.12(b) for strontium. 

It was observed that with variation of time, the cesium percentage uptake remains maximum 

nearly 100% but for strontium the trend is reversed in case of freshly prepared nano magnetite. 

With oleic acid coated and silica coated material the strontium uptake gets a major change in 

uptake efficiency (80-85%) and cesium sorption also steeply increases after 40 min. 

 
 

 
(a) 

 
 
 
 
 

 
(b) 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4.13: Effect of time on uptake (a) cesium & (b) strontium 
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 OHMC  
 Magnetite 

Silica magnetite 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.4.14: Pseudo second order kinetic model for (a) cesium(I) and (b) strontium(II) uptake 
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Table 4.12: Fitted parameters of Sr (II) adsorption kinetics and diffusion on magnetite, 

oleic acid magnetite and silica magnetite at 25
o
C  

 
 
 
 
 
 
 
 
 
 

 

Intra  particle  
Pseudo second order Elovich pore diffusion model  

 

 Sample   
Kads 

      
 

  
h   

ae(mg/g   
Ki(mg/g  

 

  
qe(exp) (g/mg R

2
 be(g/mg) R

2
 R

2
  

  

(mg/m/min) min) min
1/2

) 
 

   min)     
 

           

           
 

 magnetite 1.004 0.874 1.314 0.97 0.78 4.41 0.79 0.117 0.79 
 

           
 

 OHMC 1.026 0.923 1.203 0.96 0.78 4.20 0.81 0.124 0.77 
 

           
 

 Silica 
0.586 0.578 1.750 0.99 0.78 6.47 0.92 0.082 0.76  

 magnetite  
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Table 4.13: Fitted parameters of Cs (I) adsorption kinetics and diffusion on magnetite, oleic acid magnetite-haematite 

composite and silica magnetite at 25
o
C 

 
 

  
Langmuir Freundlich 

     
Temkin 

  Redlich  
Sips 

 

    
D-R isotherm 

   
Piterson 

 
 

  
isotherm 

 
isotherm 

   
isotherm 

  
isotherm 

 

 
Sample 

        
isotherm 

 

                 
 

  qmax b 
R

2 
Kf 

n R
2 

Qm E ȕ 
R

2 A(L/g) B R
2 a g R

2 a B/g 
 

  
(mg/g) (L/mg) (mg/g)(mg/L)

n (mol/g) (KJ/mol)   (mol
2
/J

2
)  

              
 

                    
 

 Magnetite 11.33 0.146 0.88 1.872 1.9 0.99 6.2 4E-7 1.1 0.73 1.86 2.25 0.89 2.82 0.73 0.93851 1 0.53 
 

                    
 

 OHMC 5.91 0.500 0.98 1.97 2.9 0.69 5.5 8.75E-7 7.5 0.94 4.32 1.23 0.73 2.47 0.89 0.95468 1 0.34 
 

                    
 

 Silica 
11.820.250 0.83 2.67 1.9 0.82 7.6 3.55E-7 1.2 0.84 3.06 2.42 0.86 3.57 0.88 0.9649 1 0.52  

 
magnetite 
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4.7 Conclusions 
 
 
Nano magnetite and nano magnetite-nano hematite composite samples have been prepared for 

cesium(I) and strontium(II) uptake studies. Low concentration of up to 100 ppm of cesium and 

strontium ions solution and 0.1 g of nano-composite material for a maximum contact time of 1 

h ensures nearly 100 percent removal of cesium(I) and strontium(II) ions. To prevent nano-

aggregate and to minimize iron leaching in the filtrate, these nanosorbants were coated by a 

long chain fatty acid like oleic acid. The magnetic property shows super-paramagnetism in 

these samples which is very effective in environmental concern as because the separation of 

material is very quick through an external magnet. The point of zero charge for magnetite was 

at pH 7.2 and for the nano- composite magnetite- hematite was at pH 2.7 and at pH 6.9. This 

biphasic condition helps the sorption efficiency in the alkaline condition. It appears that RP, 

Sips model and Freundlich isotherm models dominate, for all the error function selection 

methods. The comparison table shows that for cesium sorption onto magnetite is better 

explained by RP model than Freundlich model which was best fit by linear regression method. 

For oleic acid coated magnetite, RP and Sips model dominates the better suitability, where as 

DR model has been best fit by linear regression. This change is also seen in silica coated 

magnetite case, where both RP and Freundlich model favours more than the other model. Thus 

linear regression and the non-linear regression analytical results give two different models as 

the best-fitting isotherm for the given set of data. This indicates a surprising difference 

between the analytical methods. For the simplicity of linear regression sometimes chemical 

analysis leads to inaccurate results which are not good for design and development of sorption 

system. 
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Chapter 5 
 
 

Sorption of cesium(I), strontium(II) 
 
 

and chromium(VI) ions on nano MnO2 



 



5.1 Introduction: The ever increasing need of nuclear energy and related radioactive waste 

released from various nuclear power plants is being managed by following various protocols. 

The main constituents of radioactive waste are Cs
137

, Cs
135

, Cs
133

, Sr
90

 and Sr
89

.The 

separation of radioactive cesium and strontium is thus necessary from the waste stream for 

radioactive waste management due to their several health hazards [249]. The different sources 

of contamination from this radionuclide have already been discussed earlier in Chapter 1. 

Among the different types of removal processes, sorption by using inorganic metal oxides is 

gaining much attention due to their high porosity and surface area, easy amenability for scale 

up and stable chemical properties in the entire sorption process [250,251]. Natural sorbents 

like bentonite [252], various clay minerals like zeolite, activated sericite, smectite clay 

[56,253,254,255,256] have been used by earlier workers. The main criteria for an effective 

sorbent to be used in situ application are that it should be steady and stable within the wide pH 

ranges along with its quick response and cost effectiveness features. Recently Jamal Al 

Abdullah et al. [257] have shown that synthetic nano manganese oxide has potential for 

cesium, cobalt and lead removal from aqueous solutions. Some workers have synthesized 

nanocomposites for cesium(I) and strontium(II) removal [255,258,105,259]. Again, in actual 

radioactive waste samples coming from nuclear power plants, broad range of liquid waste 

starting from acidic to basic environment are found. Thus, sorbent which can take up metal 

ions in acidic and basic both medium equally has the better advantage. Some workers have 

used composite materials for this purpose of selective removals of radionuclides [260]. In the 

present work, sorption of Cs (I), Sr (II) by nano MnO2 has been attempted for a convenient 

application of practical purposes. This material has also been used for Cr(VI) sorption from a 

synthetic aqueous solution. In the effluent treatment plant and wastewater disposal containing 

chromium, contamination has been reported as a serious environmental concern due to the fast 
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growing chemical and leather industry [137]. Chromium is present in two common stable 

oxidation states Cr(III) and Cr(VI). Out of these two states hexavalent chromium is mostly 

present in industrial wastewater and is highly mobile and toxic ions [261]. In fact, hexavalent 

chromium is 500-times more toxic than chromium (III) [262], and is a proven carcinogenic. It 

can modify the deoxyribonucleic acid (DNA) transcription process causing important 

chromosomal aberration [263]. The toxicity of chromates is due to the rapid diffusion of ions 

across cell membranes and high oxidative potential of Cr(VI). Due to its high mobility these 

discharges might mix with drinking water sources and cause health hazards and are hence a 

serious environmental problem. EPA has given maximum contamination level in drinking 

water standard as 1 mg/L [264], whereas World Health Organization (WHO) has 

recommended for maximum allowable concentration as 0.05 mg/L. According to Indian 

Standard 1993, the limit for hexavalent chromium in drinking water is 0.05 mg/L and the 

tolerance limit for discharge of wastewater containing chromium in land surface water, public 

sewers and marine/coastal areas is 2.0 mg/L [265]. Hence, removal of this toxic species from 

industrial effluents is essential. 

 
In this chapter, simple and quick application of nano oxides of manganese (IV) has been 

shown for sorption of cesium (I), strontium (II) and chromium (VI). It was seen that within a 

broad range of pH 3-8, the Cs (I) and Sr (II) sorption nearly remains maximum within one 

hour interval and hexavalent chromium shows an appreciable sorption within one hour at pH 

3. 

 
Nano MnO2 has been prepared by co-precipitation method discussed in Chapter 2. The 

synthesis is simple and rapid, particle size and composition has been confirmed by using 

various characterization techniques. 
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5.2 Synthesis and characterization of nano manganese dioxide: The nanocrystalline MnO2 

was prepared by treating KMnO4 with excess of ethanol [146]. The synthesis and 

characterization procedure has been given in Chapter 2 

 
5.3 Results and discussion 
 
5.3.1 Characterization results have been discussed in Chapter 3 

 
5.3.2 Sorption studies 
 
5.3.2.1 Effect of pH on cesium (I) and strontium (II) ion uptake 

 
The solution pH is the most determining factor for a sorption process of metal ions. By varying 

pH the surface charge of the oxide nano material changes which influences the speciation of 

the sorbed metal ions (Cs(I)/Sr(II)/Cr(VI) in the present case). The surface properties of 

nanomaterials heavily depend on their zero point charge (PZC), which is a deciding factor for 

a surface to act as a positive or negative surface either side. At the pH of PZC the surface is 

neutral, but above this PZC, the sorbent surface behaves as negatively charged and below this 

PZC the surface behaves as positively charged. In this case nano MnO2 has a PZC of 2.7 

which means above the pH 2.7, the MnO2 surface is expected to take up cationic species. This 

is evident from the pH variation study of Cs(I) and Sr(II) (Fig.5.1). It was seen that from pH 3, 

cesium sorption starts and it becomes maximum at pH 6. After that the sorption remains same 

upto pH 8. For strontium the sorption starts at pH 4, and it remains nearly constant in the pH 

range of 4-8 (above 95%). In case of Cs solution, Cs(I) is the only species in solution whereas 

for Sr, the dominant species is Sr
2+

 in the entire pH range of 2-14, after pH 14, Sr(OH)
+
 

remains in the solution. In the range of 4-8, that cover acidic to basic range, the uptake is 

above 98% for both the ions, which is an encouraging result as it favors the applicability of 

MnO2 in practical situation of radionuclide separation from aqueous radioactive waste 

solution. However, in case of Cr (VI) sorption, the pH speciation shows that 
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at different pH the equilibrium that exists between different ionic species of chromium as 

 
[141]. At pH=3 sorption on nano manganese oxide is favored as its surface carries positive 

charge and a series of mono/divalent chromate ions like HCrO4
-
, CrO4

-
, Cr2O7

-
 and Cr3O10

-2
 

co-exist of which HCrO4
-
 ions predominate and are again attracted by the positively charged 

surface of nano oxide, hence maximum sorption capacity of 87% is observed at pH 3. As pH 

is increased, dominance of sorption of chromate ions is reduced due to the presence of OH
-
due 

to its smaller size and better solvation, which drastically reduces the sorption. This is evident 

from the following equations. 
 

H2CrO4 ↔H+
 + HCrO4

-
 (pH 2-4) 

 

HCrO
-
4 ↔ H

+
 + CrO4

-2
(pH4-8) 

 

2 HCrO
-
4 ↔Cr2O7

-2
 + H2O (beyond pH 8) 

 
Owing to the presence of different species of Cr at different pH leads to somewhat irregular 

trend for Cr (VI) uptake study (Fig.5.2). 
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Fig. 5.1: Effect of pH on the amount taken up for Cs (I) and Sr (II), respectively 
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Fig. 5.2: Effect of pH on Cr (VI) uptake by nano MnO2 
 
5.3.2.2 Effect of initial concentration on cesium (I) and strontium (II) ion uptake 

 
The gradual uptake study with increasing initial concentration of metal ion (Cs/Sr) was carried 

out with optimum pH 6 and pH 4 for Cs and Sr solutions, respectively. Initially, the sorbent 

concentration drives the uptake by overcoming the mass transfer barrier between the solid and 

liquid interface which reflects in both the cases by sudden rise in percentage uptake from 20 

mg/L to 40 mg/L. The increase in the sorption efficiency with the increase in sorbent amount 

might be due to increase in the active sites available on the sorbent. The concentration range 

was taken from 20mg/L to 100 mg/L. After 40 mg/L, cesium and strontium uptake gradually 

decreases. To be very precise, the percentage removal drops from 82% to 20% for a range of 

20mg/L to 80 mg/L for cesium ion concentration at 25
o
 C and for strontium ion concentration 

of 20 mg/L to 100 mg/L the percentage removal is decreased from 90 % to 20 %. This result 

shows that even at very low concentration of metal ions (Cs/Sr) the nano manganese dioxide is 

able to remove maximum Cs(I) and Sr(II) ions. This promptly suggests the potential 

effectiveness of this material for use in a very low level radioactive contamination 

environmental sample. The graphical representation of the process is given in Fig. 5.3. 
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Fig. 5.3: Effect of initial concentration on the amount taken up  
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Fig. 5.4: Comparative uptake study with varying initial concentration of three metal ions 

(Cs(I)/Sr(II)/Cr(VI)) on nano MnO2 
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5.3.2.3 Theoretical modeling of sorption data for cesium (I) and strontium (II) ion uptake 
 
5.3.2.3.1 Sorption isotherms 

 
The equilibrium isotherm models have been applied to the sorption data at different 

concentration levels for theoretical study. Freundlich, Langmuir and DR isotherm were used in 

their linearized form. The details of these isotherm parameters have been already discussed in 

Chapter 2. The graphical representation of these models applied in Cs(I),Sr(II) and Cr(VI) has 

been depicted in Fig. 5.5 and 5.6. Different isotherm parameters have been calculated from 

the graphs which are tabulated in Table 5.1. From the regression coefficient (R
2
) values 

calculated, it was seen that Langmuir isotherm is best fitted than the Freundlich and DR 

isotherm within the experimental concentration range (20mg/L to 100mg/L). Careful 

observation of Freundlich parameter of comparatively high n values indicates the 

heterogeneity of the manganese oxide surface which favors that there must have exponential 

active sorption sites. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.5.5 (a) & (b): Langmuir isotherm plot for Sr (II) sorption &Variation of separation 
 
factor (RL) as a function of initial concentration of Sr (II) 
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Fig. 5.6: Sorption isotherms for Cr (VI) sorption studies 
 
 

 

Table 5.1: Different isotherm parameters for adsorption of strontium (II), cesium (I) and 

chromium (VI) on manganese oxide at 25
o
C 

 
Ions Langmuir isotherm Freundlich isotherm  D-R isotherm  

       

 qmax(mg/g) b(L/mg) R
2 Kf(mg/g) (mg/L)

n n Qm (mol/g)E(J/mol) β(mol2/J
2
) 

         

Strontium(II) 2.2 0.97 0.99 2.4 4.42 2.5 3.7E+03 3.7E-08 
         

Cesium(I) 2.5 0.27 0.95 1.5 4.51 3.7 3.3E+02 4.5E-06 
         

Chromium(VI) 2.4 0.18 0.96 1.9 0.48 1.640 4.2E+01 2.8E-04 
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5.3.2.3.2 Sorption kinetics 

 
The amounts of metal ions sorbed on nano MnO2 with time variation has been carried out and 

it was seen that an increase in sorption percentage occurred and within one hour the uptake 

levels off to reach equilibrium. Pseudo first order, pseudo second order, Elovich models have 

been studied for these sorption processes, the results of which has been shown in Table 5.2. 

Graphs for the same have been plotted for the pseudo second order kinetic model for sorption 

of three metal ions (Fig. 5.7 and Fig. 5.8). From the regression coefficient values, it was seen 

that pseudo second order kinetic model fits well than the other model to establish the sorption 

kinetics, so the pseudo second order graph has only been shown. It can be predicted that the 

sorption of metal ions may have occurred through chemical sorption from the better suitability 

of pseudo second order kinetic model. Y S Ho [168] has given the chemical sorption as a 

probable mechanism for sorption to occur in this kinetic model where valence forces through 

sharing or exchange of electrons between the sorbate/sorbent systems takes place as a sorption 

mechanism. Again, from the calculated kinetic parameters it is seen that the initial sorption 

rate, h is 0.52 mg/m/min for Sr (II) ions. This value is nearly double than that of Cs (I) (0.27 

mg/m/min) and more than 4 times that of Cr (VI) (0.12 mg/m/min) which indicates that with Sr 

 
(II) ions the sorption is initially fast than the other ions and Cs(I) and Cr(VI) ions in single 

system faces greater inhibitory effect. The rate constant obtained for pseudo- second order 

sorption for Sr(II) ions also show good value (2.10 g/mg min)than the Cs(I)/or Cr(VI) metal 

ions. In fact, Cr (VI) kinetics is comparatively slower than Cs/Sr kinetics as can be seen from 
 
Table 5.2 
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Fig. 5.7: Pseudo second order kinetic models for (a) Cs(I) and (b) Sr(II) sorption on 
 
MnO2  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.8: Pseudo second order kinetic model of Cr (VI) sorption by nano MnO2 
 
 

 

In order to investigate the involvement of kinetically controlled diffusion, intra particle 

diffusion model [170] has been studied for the Sr(II)/Cs(I)/Cr(VI) metal ions separately and 

the same has been plotted for Cs/Sr sorption study in Fig.5.9. As the regression coefficient for 

Cr (VI) is very poor, the graph for the same has not been shown here. 
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Fig. 5.9: Comparative intraparticle model for sorption of Cs(I) and Sr(II) onto nano 
 
MnO2 
 
 
Linear correlation was observed only in strontium (II) sorption mechanism as observed from 

the graph, and in case of cesium (I) or chromium (VI) sorption it does not point towards the 

intraparticle diffusion. From a closer look at the Fig.5.9, it can be inferred that the intra 

particle diffusion of strontium(II) ions within the nano MnO2 may be governed by two steps. 

The first step is the boundary layer diffusion which can be seen as initial straight portion in the 

graph and the second step is the intra particle diffusion denoted by linear curve which states 

that the Sr (II) diffuses very fast into the MnO2 surface initially which is again confirmed by 

high pseudo second order rate constant and h value discussed earlier, for the sorption process 

to occur and then slowed down to stable form. The multi linearity curve indicates that intra 

particle diffusion is not a fully operative mechanism in the sorption of strontium(II) by MnO2 

[17]. From these observations, it can be concluded that intra particle diffusion along with 

pseudo second order kinetics governs the sorption process in case of strontium (II) sorption 

whereas for cesium (I) or chromium (VI) only the pseudo second order mechanism may 

decide the entire sorption process. 
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Table 5.2: Different fitted parameters of strontium (II), cesium (I) and chromium (VI) 
 

adsorption kinetics and diffusion on manganese oxide at 25 
0
C 

 
 Pseudo second order   Elovich   Intra    particle pore 

Sample        diffusion model  
          

 h qe(exp) Kads R2 ae be R2 Ki(mg/gmin
1/2

) R2 
 (mg/m/min)  (g/mg min)  (mg/gmin) (g/mg)    
          

Strontium(II) 0.52 0.49 2.10 0.99 8.3E-07 7.18 0.99 0.06 0.87 
          

Cesium(I) 0.27 0.49 1.14 0.99 1.3E-05 9.19 0.68 0.04 0.35 
          

Chromium(VI) 0.12 0.80 0.18 0.86 1.4E-05 5.66 0.85 0.06 0.74 
          
 
 
 
 
 

5.4 Conclusions: The potential of as prepared nano manganese oxide has been established for 

uptake of Cs(I),Sr(II) and Cr(VI) ions from simulated waste water. The sorption isotherm 

mainly follows Langmuir isotherm and the kinetics follows pseudo second order model for all 

the metal ion sorption. Intraparticle diffusion model may have a role in Sr(II) sorption also. 

Although the temperature effect has not been studied but it can be inferred from isotherm 

studies that the sorption may occurs via chemisorption process. In a very low metal ion 

concentration this nano MnO2 can be used for effective removal of specific contaminants 

(Cs/Sr) from Low level environmental radioactive solutions and Cr (VI) solution from 

industrial effluent. 

 
 
 
 
 
 
 
 
 
 
 
 

 
130 



 
 
 
 
 
 
 
 
 
 
 
 
 
 

Chapter 6 
 
 
 
 
 

Nanocrystalline molybdates and tungstates 
 
 

Potential sorbents for removal of radio-nuclides, 
 
 

toxic metal ions and other species 
 
 
 
 
 
 
 
 
 
 
 

---------------------------------------------------------------------------------------------------------- 
 
The work reported in this chapter has been published as follows: 

 

A comprehensive Study on the Uptake of Dyes, Cu (II) and Radioactive 
137

Cs(I) by 
sonochemically synthesized strontium / yttrium tungstate and molybdate nanoparticles 

 
Joyeeta Mukherjee, Dimple P. Dutta, J. Ramakumar and A.K. 

Tyagi J. Environ. Chem. Eng. 4 (2016) 3050-3064 



 



 
6.1 Introduction: Environmental pollution is the biggest bane of rapid urbanization and 

industrialization in recent years [266]. The detrimental effects are generally manifested in the 

form of increased air and water pollution. Untreated sewage and effluents from various 

industries contaminate the water bodies creating a huge pressure in effectively managing this 

life saving resource [267]. Wastewater containing dye residues and toxic heavy metal ions are 

common in effluents from textile, leather, food, cosmetics, battery manufacturing units as well 

as electronics industries. Various methods have been evaluated through the passage of time to 

remove such pollutants from wastewater and adsorption is a forerunner amongst them [268-

272]. In this technique, preferential partitioning of pollutants occurs from the gaseous or liquid 

phase onto the surface of a solid substrate [273]. It is a simple, efficient and fast technique 

with comparatively low cost in terms of system design, initial investment and land 

requirement [274]. One of the most widely investigated adsorbent in water treatment process 

is activated carbon but the commercially available form is expensive with poor regeneration 

efficiency [275]. Consequently, there has been an upsurge in developing low cost adsorbents 

from industrial as well as agricultural wastes such fly ash, bentonite, peat, red mud, rice husk, 

etc. [276,277]. However, the sorption capacities of these materials vary considerably 

depending on their method of production and origin which acts as a deterrent for deployment 

in large scale wastewater treatment [280]. The sorption properties of various synthetic 

adsorbents like activated alumina; zeolites, silica gel, etc have also been studied thoroughly. 

However, the poor sorption kinetics of these materials due to slow intraparticle diffusion of 

the solute, prove to be a hindrance [281]. Recently, nanomaterials are being explored as new 

generation sorbents for wastewater treatment due to their small size and high surface areas 

 
[282]. Consequently, ZnO, TiO2, Al2O3, SnO2, ZnS, Fe3O4, CuO, metallic iron nanoparticles 
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and their composites with activated carbon have been synthesized and their applicability in 

wastewater treatment has been documented [283-287]. However, the quest for novel 

adsorbents continues unabated since it is difficult to find a single adsorbent that can be equally 

effective for different types of pollutants.Contributing to this search of novel adsorbents, many 

researchers recently reported the superior sorption properties of sonochemically synthesized 

barium/ manganese/ copper tungstate and molybdate nanoparticles [288-290]. The metal 

tungstates and molybdates are two important classes of inorganic materials finding application 

in optoelectronics, luminescence, magnetic materials, scintillating materials, catalysis, etc 

[291-295]. However, the sorption properties of this series of materials have been explored 

recently [288-290]. The efficiency of the sorption process is dependent on the surface charge 

as well as inherent crystal structure of the various metal tungstates and molybdates. The metal 

atoms attached to the tungstate/molybdate tetrahedra via the oxygen atoms play a crucial role 

in the resultant crystal structure and can affect the sorption properties. Recently, the 

photocatalytic activity for degradation of various pollutants has been studied for SrWO4 and 

SrMoO4 which belongs to this class of materials [291, 296]. However, there are no reports on 

their sorption properties. Hence it was of interest to study the sorption properties of tungstates 

and molybdates with divalent strontium ions and compare it with tungstates and molybdates of 

trivalent yttrium ions. In this work, sorption properties of sonochemically synthesized 

strontium and yttrium tungstates/ molybdates has been studied for various pollutants like dyes, 

heavy metal ions and radioactive wastes. Rhodamine B (RhB) and methylene blue (MB) were 

chosen as model pollutants for the dye sorption studies. The choice was since both find 

extensive application as colorants in textile and food industry and are known to be 

carcinogenic, neurotoxic and cause irritation in the eyes, skin and respiratory tract of animals 

and human [297,298]. Their slow kinetics makes them unsuitable for biological remediation 
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and hence remediation by adsorption on nanoparticles appears to be a suitable alternative 

technique. Copper was chosen for the heavy metal sorption studies since copper toxicity is 

prevalent nowadays due to widespread use of copper in utensils, fungicides, hot water pipes 

etc. [299]. Excess copper in the digestive tract causes gastrointestinal distress and its presence 

in water bodies is toxic to fish and algae [288]. The applicability of these sonochemically 

synthesized strontium and yttrium tungstates/ molybdates in treating radioactive wastes was 

tested via 
137

Cs sorption. This is one of the biotoxic radioactive fission product generated 

from the nuclear fuels in the reactors and have a long half life of 30 years. Hence, the safe 

removal of 
137

Cs from aquatic environment attracts special attention, particularly after the 

Fukushima Daiichi accident [289]. 

 
6.2 Synthesis and characterization: The detailed synthesis procedure for these four materials 

has been discussed in Chapter 2. Among the characterization techniques, powder XRD 

analysis on the samples were done on PANalytical X -Pert Pro instrument using CuK (k = 

1.5406 and 1.5444Å) radiation. Conventional TEM were done using a JEOL 2000 FX 

microscope. The Brunauer–Emmett–Teller (BET) surface area was determined by nitrogen 

sorption using a Bel Japan Inc., Belsorp II surface area analyzer. Before the nitrogen 

adsorption, the samples were degassed under flowing argon at 100°C for 10h. The UV-visible 

spectra were recorded using a Shimadzu UV-1650PC UV-visible spectrophotometer. The 

zeta-potential measurements were done on a Zetasizer nano series from Malvern Instruments. 

 
6.3 Sorption studies 
 
6.3.1 Copper uptake experiments 

 
The uptake studies were carried at room temperature (25°C) in batch mode using aqueous 

solutions containing copper ion. 10ml of aqueous copper ion solution of known concentration 

(50ppm, 100ppm, 200ppm) at a particular pH (2 and 7) was equilibrated with 10mg of 
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SrWO4/SrMoO4/Y2WO6/Y2(MoO4)3 sample. The concentration of metal ion left behind in 

solution after equilibration was determined by appropriate techniques. The solution after 

equilibration was analyzed for the presence of copper ions by complexation with PAR (2-

pyridyl-azo-resorcinol) ligand using UV-visible spectroscopy and measuring the absorption at 

545nm [288]. 

6.3.2 
137

Cs uptake experiments 
 

For studying the uptake of the gamma ray emitting 
137

Cs radionuclide, 20ppm of 
137

Cs 

solution was equilibrated with 10/100mg of the sonochemically synthesized Y2Mo3O12 / 

Y2WO6 samples in a plastic container of standard geometry. The activity at fixed time 

intervals was measured by gamma spectrometry using NaI (Tl) detector. The analytical 

techniques and instrumentation used for the radiochemical assay was based on standard 

procedures as described in “USEPA. Multi-Agency Radiological Laboratory Analytical 

Protocols Manual,” Volume II: Chapter 10 - 17 and Appendix F, EPA/402/B-

04/001B/(NUREG-1576), 2004. 
 
6.3.3 Dye sorption studies 

 
The sorption studies were carried out in the batch mode using nano tungstate and molybdate 

sorbents namely yttrium molybdate (YM), yttrium tungstate (YW), strontium molybdate 

(SrM) and strontium tungstate (SrW) and the sorption efficiency with respect to uptake of 

different organic dyes like Rhodamine B (RhB) and Methylene blue (MB) was evaluated. 
 
6.4 Results and discussion 

 
6.4.1 Characterization results: The powder XRD patterns obtained for the as synthesized 

strontium tungstate and strontium molybdate are shown in Fig. 6.1a and 6.1b, respectively. 

Both the as synthesized samples display good crystallinity. All the diffraction peaks in Figure 

6.1a could be indexed to tetragonal SrWO4 having lattice constants of a = 5.415Å and c = 
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11.935Å which matches well with earlier reports (JCPDS card number 080490) [300]. In case 

of Fig. 6.1b, the diffraction peaks confirm the formation of tetragonal SrMoO4 with space 

group I41/a. The lattice parameters obtained were a = 5.391Å, c = 12.04Å which matched well 

with that reported for JCPDS card number 080482. No other impurity peaks could be seen in 

the powder XRD data. The powder XRD analyses of the as synthesized yttrium tungstate and 

molybdate confirmed their amorphous nature. Fig. 6.2a shows the powder XRD pattern 

obtained for yttrium tungstate which was furnace heated at 300°C for 1h. The diffraction peaks 

are well formed suggesting development of crystallinity in the sample and they matched with 

that reported for monoclinic Y2WO6 with space group P2/c. The lattice parameters of a = 

7.590Å, b = 5.334Å, c = 11.35Å, concurred with that reported for JCPDS card 73-0118. In 

case of yttrium molybdate, the as prepared sample was furnace heated at 750
°
C for 1h. The 

powder XRD pattern obtained is in good agreement with the standard pattern of Y2Mo3O12 

reported in JCPDS No 28-1451. 
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Fig. 6.1(a-b):Powder XRD patterns of SrWO4,SrMoO4, respectively 
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Fig. 6.2(a-b):Powder XRD patterns of Y2WO6 and Y2(MoO4)3 heated for 1h at 300
o
C 

 

and 750
o
C, respectively 

 
TEM of all the four samples were recorded to get an insight into their size, morphology and 

composition (Fig. 6.3). Both SrWO4 and SrMoO4 exhibits spindle shaped nanostructures as 

shown in Fig. 6.3a and 6.3b, respectively. In case of SrWO4, the spindles varied in size with 

the smallest ones having centre diameters of25-50nm and lengths of100-150nm and the larger 

ones have diameters of 100-150nm and lengths of 250-300nm (Fig. 6.3a). 
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Fig. 6.3: TEM of (a) SrWO4, (b) SrMoO4, (c) Y2WO6 and (d) Y2Mo3O12 

 
Recent report on sonochemical synthesis of SrWO4 in acidic pH led to the formation of 

products with hierarchical structures [301]. However, in present case the synthesis has been 

done at neutral pH which might hinder the oriented growth of various crystallographic faces 

that leads to the formation of such superstructures. Similar variation in the size of the 

nanospindles was observed in case of SrMoO4. The smaller spindles have center diameter 

10nm and length 100nm while the larger ones have diameters of 100-120nm and lengths of 

300-500nm. Formation of spindle shaped SrMoO4 via sonochemical synthesis done at neutral 

pH has been reported earlier [302]. Predominantly spherical particles with diameters of 250nm 

were obtained in present case of sonochemically synthesized and subsequently thermally 
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treated Y2WO6 (Fig.6.3c). Hydrothermal synthesis of Y2WO6 microstructures under acidic pH 

has been reported in literature [303,304]. The formation of microstructures has been aided by 

the presence of various surfactants and chelating agents used in the process of synthesis. In 

case of present sonochemically synthesized samples, the heat treatment and the absence of 

surfactants led to the formation of slightly aggregated spherical nanoparticles. Figure 6.3d 

shows the morphology of our thermally treated Y2Mo3O12 sample obtained via sonochemical 

synthesis. The nanoparticles are of irregular shape with sizes in the range of 40-50nm. 

Formation of irregular shaped nanoparticles has also been reported in case Y2Mo3O12 

synthesized using sol gel method [305]. The specific surface areas of all the samples have 

been calculated by the BET method using the nitrogen adsorption desorption isotherm data 

(Fig. 6.4a-6.4d). 
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Fig. 6.4: BET N2 adsorption-desorption isotherm of (a) SrWO4, (b) SrMoO4 (c) Y2WO6 
 
and (d)Y2Mo3O12 

 
In all the cases a Type IV isotherm with stepwise adsorption has been obtained indicating a 

mesoporous structure. Pronounced desorption hysteresis suggests the existence of large mesopores 

in the SrWO4 and SrMoO4 samples. A broad increase in N2 uptake in the P/P0 range from 0.52 to 

0.95 in case of SrWO4 and SrMoO4 clearly indicates that there is a wide range of mesopores 

within the samples. From the TEM images it can be inferred that the particles do not have a porous 

structure. Hence the mesoporous nature of the isotherms is most likely due to interparticle 

porosity. The specific surface area has been calculated to be 37.4 ± 2.3m
2
g

-1
, 33.6 ± 1.1 m

2
g

-1
, 

24.8 ± 1.1 m
2
g

-1
 and 77.2 ± 1.5 m

2
g

-1
 for our sonochemically synthesized SrWO4, SrMoO4, 

Y2WO6 and Y2Mo3O12 samples, respectively. The higher surface area obtained in case of Y2Mo3 

O12 can be attributed to the smaller size of the particles. Pore size distributions of these samples 

have been estimated by employing the Barret-Joyner-Halenda (BJH) method and the 

corresponding values have been given in Table 6.1. 
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Table 6.1: Summary of specific surface area, pore volume and pore size distribution of 
 
SrWO4, SrMoO4, Y2WO6 and Y2(MoO4)3  
 
 
 
 
 
 
 
 
 
 

 

6.4.2 Sorption of Cu (II) ions 
 
The comparative effect of pH on the time of equilibration depicting the sorption efficiency of 

10mg SrW, SrM, YW and YM nanosorbents for 100ppm of Cu(II) ions has been explored. For 

all the sorbents, the uptake of Cu(II) was better at a lower pH of 3 compared to pH 7. A 

representative plot of the effect of pH on Cu(II) uptake by YM is shown in Fig. 6.5a. 
  

(%
) 100  

(a)    
Cu(II) 

(%
) 

100 (b)       
 

           
 

75 
     

Cs(I) 
        

 

 

A
m

tt
ak

en
up

      

M
ax

.a
m

t.S
or

be
d 75        

 

             
 

 50       50        
 

                  

  25         25        
 

                   

  
0               pH = 7  

 

          0      

pH = 3 
 

 

                 
 

   3 7              
 

   
Cu(II) 

pH
  Cu(II) 

       SrM SrW YM YW  
 

                 
 

 

m
ax

.s
o

rp
tio

n
9m

i

n
s)
 (c)        

A
m

tt
ak

en
up

(%

) 

100    (d)   
 

               
 

 

300        

80 
  

Cs(I) 

   

               
 

                 

            

60 
    

 

                
 

                  
 

  200                 
 

            40       
 

  
100 

         20       
 

 

fo
r      

pH = 7 
          

 

          0       
 

                   

 

T
im

e
 

0 
   

pH = 3 
    0.01  0.1  

 

               

                

  YM YW SrM SrW         Amount of sorbent  
 

                     
Fig. 6.5:(a) Amount of Cu(II) and Cs(I) taken up by Y2Mo3O12, (b) maximum Cu(II) 

sorption exhibited by all four sorbents, (c) time taken for maximum sorption by all four 

sorbents and (d)effect of weight of Y2Mo3O12 on Cs(I) uptake. 
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As in case of the dye sorption, the presence of negative surface charge on the sorbent at lower 

pH attracts the Cu(II) ions. The highest uptake is seen for YM with 98% removal of 100ppm 

Cu (II) ions within 150 min (Fig. 6.5b). The fastest uptake occurred for SrW with 90% 

removal of 100 ppm within a short time span of 15 min (Fig. 6.5c). SrW has got a reasonably 

high surface area and from the zeta potential value it can be concluded that the colloid in 

solution is also reasonably stable. This is crucial as it facilitates the equilibration process. 

Though the kinetics is fast, the maximum uptake was 90%. This could be due to its relatively 

low surface area as compared to YM. YM has highest surface area but the zeta potential value 

shows that the colloid is less stable and hence longer time is taken by the metal ion to reach 

the active sites. The above observations indicate that uptake of metal ions by sonochemically 

synthesized yttrium/strontium tungstates/molybdates is a combination of both surface charge 

and colloidal stability. 

 

6.4.3 Sorption of 
137

Cs ions 
 
137

Cs has a relatively long half life of 30.2 years and forms a primary component in case of 
 

unlikely nuclear fallout. 
137

Cs is highly soluble in water, follows the biological behavior 

profile of sodium/ potassium and is known to be carcinogenic. For sorption and consequent 

removal of cesium from nuclear waste, ammonium molybdophosphate (AMP) has been found 

to be highly effective. However, AMP becomes soluble in solutions with pH >4, and therefore, 

is only applicable to acidic solutions. Cesium can be eluted from AMP with concentrated 

ammonium salt solutions (NH4NO3, NH4Cl, etc.) or the cesium and ammonium 

 
molybdophosphate complexes can be dissolved in caustic to separate the active exchanger 

material from an inert binder material, such as PAN. As mentioned earlier, nanosized sorbents 
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are quite attractive due to their larger effective surface are and they can be used over a wide 

range of pH. The regeneration of the nanosorbents is quite simple as compared to the number 

of steps involved using AMP. These sonochemically synthesized YM/YW samples have been 

 

evaluated for 
137

Cs uptake. It is seen that the uptake is pH sensitive and at lower pH of 3, the 
 

extent of sorption is more. The representative diagram for 
137

Cs uptake by YM at different pH 

in 1h is shown in Fig. 6.10a. It indicates that the surface charge is the crucial factor that 

decides the uptake of Cs(I). The effect of sorbent dosage (Fig. 6.5d) showed that with increase 

 

in the amount of the YM nano sorbent from 10 to 100mg, the extent of 
137

Cs sorption 

increases. This indicates that increasing the amount of sorbent effectively increases the 

number of sites available for sorption which facilitates the process. 

 
The recycling of the sorbents in the removal of Cu(II)/Cs(I) have been also investigated. After 

adsorption, desorption was done by washing out the sorbent bound Cu(II)/Cs(I) with NaOH 

(pH ∼9) and then rinsing the resultant sorbent repeatedly with nanopure water. The sorbent 

was then dried at 105°C and reused. It was observed that there is less than 2% decrease in the 

overall Cu(II)/Cs(I) sorption capacity after three recycles which indicates that the sorbents 

have good reusability. 

 
6.4.4. Sorption of dyes: This work has been extended for effective application of dye removal 

study also. The detailed study has been carried out by batch sorption experiments. 

 
6.4.4.1. Influence of pH 

 
The pH of the external solution is an important factor that is expected to affect the sorption. 

These studies were carried out by equilibrating 10 mg of each of the sorbents with single dye 

(RhB or MB) solutions of 20 ppm concentration maintained for a period of half an hour at pH 
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in the range of 2-9 (using hydrochloric acid or sodium hydroxide). The pH was measured by 

using a portable pH meter (Mettler Toledo, FG2- FiveGo pH). The results are shown in Fig. 

6.6. From the figure, it is seen that at neutral pH, all the sorbents exhibited poor uptake of both 

RhB and MB. The quantitative uptake of the dye by each material at different pH is given in 

 
Table 6.2  
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Fig.6.6: Effect of pH on the sorption of 20ppm solution of (a) RhB and (b) MB dye. 
 
 
 
 
Table 6.2: Comparison of Dye sorption property of (a) SrWO4, (b) SrMoO4, (c) Y2WO6 and 

 
(d) Y2Mo3O12nano particles with commercial activated carbon (CAC)  
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The sorption of both the dyes at pH 5 was considerably reduced in case of YM and YW. The 

effect of pH on sorption could be attributed to different controlling parameters. The nature of 

the adsorbate in solution as well as the surface charge on the adsorbent decides the efficiency 

of the sorption process. With change in pH the dyes have different ionic forms and RhB (pKa 

 
= 3.7) exists in the protonated form at pH < 3.7 [306]. At higher pH, the zwitterionic RhB 

forms dimers due to attraction between the carboxyl and xanthenes groups resulting in its 

decreased sorption on the surface of the sorbent. The surface charge on the sorbent could be 

understood from the zeta potential measurements of the different nanomaterials. The results of 

these studies are given in Table 6.3. 
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Table 6.3: Zeta potential measurements for sonochemically synthesized SrWO4, SrMoO4, 
 
Y2WO6 and Y2(MoO4)3 samples with RhB and MB dyes at various pH 
 

Sample (mV) at pH 2 (mV) at pH 5 (mV) at pH 7 
    

SrWO4 -15.34 -11.11 -9.31 
    

SrWO4 + RhB -10.74 -7.64 -4.25 
    

SrWO4 + MB -10.56 -7.37 -4.53 
    

SrMoO4 -23.51 -22.03 -15.26 
    

SrMoO4 + RhB -14.32 -13.45 -10.76 
    

SrMoO4 + MB -15.92 -16.31 -11.87 
    

Y2WO6 -7.35 0 6.38 
    

Y2WO6+ RhB -2.75 3.67 10.43 
    

Y2WO6+ MB -4.86 8.75 14.56 
    

Y2(MoO4)3 -3.25 5.02 2.45 
    

Y2(MoO4)3+ RhB -0.65 12.01 10.25 
    

Y2(MoO4)3+ MB -0.37 9.87 8.67 
    

 

 

The zeta potential obtained in case of YW is negative in the pH range of 2-5 (pHZPC = 0). RhB 

and MB are basic dyes which exist in their cationic forms in aqueous solutions and thus have a 

natural attraction to adhere to the negatively charged surface and hence the sorption of RhB 

and MB dye is higher at pH5. 
 
It can be seen from Fig. 6.4 that the sorption of RhB on YW is better at acidic pH range of 2-5 

compared to that of MB. This might be due to the tendency of the carboxylic group in cationic 

RhB to stay protonated at low pH which prevents the formation of zwitterions [305-307]. This 

protonated form has a higher affinity for the negatively charged YW surface. The zeta 

potential of YM is positive at pH 3 (pHZPC = 2.9) (Table 6.3). Hence the highest adsorption of 

both RhB and MB occurs on the negatively charged YM surface at pH 2 -3. The high sorption 
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of RhB and MB on SrW and SrM in the acidic pH range of 2 to 5 can be explained on the 

basis of attraction of the cationic dyes to the negatively charged surface as shown by the 

obtained zeta potential values. 
 
6.4.4.2 Influence of initial concentration of dye 
 
The optimum pH for effective and fast sorption was 2 and hence all the further sorption 

studies were carried out at this pH. The pH dependence of the sorption gives an idea that the 

process follows an ion exchange mechanism. The time needed for complete removal of the 

dye was dependent on the nature and initial concentration of the dye and on the sorbent 

material and the amount of sorbent taken. The data obtained for these various sorption 

experiments using 10mg of the sorbent are shown in Fig. 6.7a and 6.7b. 
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sorption of RhB dye by sonochemically synthesized SrWO4 nanoparticles. 
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The results are quite interesting. It is seen that both the nano molybdates (YM and SrM) show 

very high uptake of RhB upto a concentration of as high as 1000 ppm within 2 minutes of 

equilibration. However the corresponding tungstates show less efficiency with YW scoring 

over SrW marginally. It is seen that the maximum concentration of RhB that can be almost 

completely removed using YW and SrW within 2 minutes is 50 and 30 ppm respectively. 

Further increase in the RhB concentration considerably enhances the time taken for complete 

dye sorption by the tungstates. The uptake of MB shows that SrM has the highest affinity for 

MB upto a concentration of 100 ppm. YM and SrW show fast kinetics for only 20 ppm of MB 

while YW can result in a nearly complete sorption within 2 minutes of upto 50 ppm 

concentration of dye. From BET surface area analysis, it can be seen that YM has the highest 

surface area (77.2 ± 1.5 m
2
g

-1
) among all four sorbents. However, even though the uptake of 

RhB on YM is fast and efficient, the uptake of MB is quite poor and slow. Hence it can be 

concluded that the different rates of sorption exhibited by these sorbents is not dependent 

solely on their surface area. Other parameters like surface charge on sorbent and functional 

groups attached on the dye molecules also affect the sorption efficiency. 
 
6.4.4.3 Influence of weight of sorbent 

 
The effect of sorbent weight on the uptake efficiency of RhB dye is given in Fig. 6.7c. In the 

figure, it is worthwhile to notice that the legends containing the names of the sorbent also 

indicate the concentration of RhB used for the study. This gives an indication of the maximum 

concentration of the dye that can be taken up by the sorbent completely. It is seen that with 

SrM and YM the maximum concentration is 1000 ppm while with YW the maximum 

concentration that can be taken up is 100 ppm. 

 
 
 
 
 

149 



6.4.4.4 Selective sorption of RhB by SrWO4 

 
Comparing Fig. 6.7b and 6.7c, it is seen that though the uptake capacity of SrW with respect 

to RhB is the least among all four sorbents, it is still much higher than the uptake of MB. Thus 

the results obtained from Fig. 6.7a-c indicate that strontium tungstate could be used for the 

selective removal of RhB from a mixture of RhB and MB. The selectivity of our 

sonochemically synthesized SrWO4 has been demonstrated by adding 10 mg of it to a 30ppm 

mixture of RhB and MB dye at pH 2. Fig. 6.7d shows the change in the absorbance values of 

the dye solution with the passage of time. The sorption of RhB is complete within 4 min while 

the absorbance peak pertaining to MB persists. This could lead to a possible application of 

SrWO4 in the selective removal of RhB dye in waste water treatment. Size of the sorbent 

material affects the sorption process since smaller sized particles have larger surface area 

[308,309]. Here, synthesize of yttrium tungstate/molybdate in the absence of sonication has 

been done. On reacting yttrium nitrate with sodium salts of tungstate/molybdate, an 

amorphous mass was obtained which on being subjected to furnace heating at 300°C/1h and 

750°C/1h yielded micron sized powders of Y2WO6 and Y2Mo3O12, respectively. The TEM 

micrographs of the furnace heated powders are shown in Fig. 6.8. 
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Fig. 6.8: TEM Micrograph of non-sonicated Y2WO6 and Y2Mo3O12 

 
Dye sorption studies of these materials were done at pH 2 with 20ppm RhB. It was seen that 

the 50% RhB was sorbed by 10mg Y2WO6 in 5h. In case of Y2Mo3O12, 20% of the dye was 

sorbed in 5h. Hence, it can be inferred that the nanosized Y2WO6 and Y2Mo3O12obtained from 

sonochemical synthesis followed by furnace heating shows much better sorption properties 

compared to the nonsonicated product. 
 
6.4.5 Isotherm studies 

 
To get an overall idea of the sorption process, the equilibrium modeling was carried out using 

the most fundamental models of Langmuir and Freundlich isotherms using the following 

equations. The main consideration of the Langmuir isotherm is sorption is monolayer and 

occurs at specific homogeneous sites of the sorbent [288]. Q0 and b is Langmuir constants 

related to adsorption capacity and rate of adsorption, respectively. The Freundlich adsorption 

isotherm, which refers to multilayer sorption on heterogeneous surface, is based on the 

assumption that the adsorption sites are distributed exponentially with respect to the heat of 

sorption [290]. The equilibrium modeling for our sonochemically synthesized SrW, SrM, YW 

and YM samples indicated that the experimental values do not fit into the Langmuir model 
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(results not shown). However, the sorption data fitted well to the Freundlich model and the 
 
corresponding data as well as the plots are given in Table 6.4 and Fig. 6.9, respectively.  
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Fig. 6.9: Freundlich isotherm for (a) RhB and (b) MB sorption by SrWO4, SrMoO4, 

Y2WO6 and Y2Mo3O12 nanosorbents 
 

 

The calculated value of n for all the samples is mostly in the range of 1 – 2 suggesting that the 

sorption of the dyes is a favored process in almost all the systems [288]. Since the sorption 

data do not fit into the Langmuir model, it cannot be used to compute the maximum 

theoretical sorption capacity. Therefore the experimentally obtained values can be considered 

for practical applications. 
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Table 6.4: Freundlich isotherm constants and correlation coefficients of SrWO4, 
 

SrMoO4, Y2WO6 and Y2(MoO4)3 nanoparticles for RhB and MB dyes 
 

Sample Dye solution  Freundlich  
     
  KF n R

2 
     

SrWO4 RhB 770.369 ± 0.005 0.969 ± 0.001 0.986 
     
 MB 73.699 ± 0.011 1.742 ± 0.003 0.981 
     

SrMoO4 RhB 965.069 ± 0.005 0.918 ± 0.005 0.972 

     
 MG 812.405 ± 0.004 1.140 ± 0.001 0.983 
     

Y2WO6 RhB 583.019 ± 0.012 1.100 ± 0.001 0.979 
     
 MG 1096.633 ± 0.019 0.899 ± 0.002 0.943 
     

Y2(MoO4)3 RhB 998.995± 0.003 1.000 ± 0.001 1.000 
     
 MG 665.141 ± 0.002 1.000 ± 0.001 1.000 
     
 

 

6.4.6 Kinetic modeling 

 
The sorption data were fitted to kinetic modeling. However, the fast kinetics of sorption 

exhibited by SrMoO4 for both RhB and MB hinders the collection of sufficient data for kinetic 

modeling within the short time period (3 min). SrWO4 has comparatively slower sorption 

kinetics and hence the sorption kinetic data for both the dyes has been analyzed using 

Lagergren's first order and pseudo-second order models as shown below, where k1 and k2 

represents the first order adsorption rate constant (min
-1

) and pseudo-second-order adsorption 

rate constant (g/mg/min), respectively [310,311]. It is to be noted that qt and qe represent the 

amount of dye adsorbed (mg/g) at any time t and at equilibrium time, respectively. The 

parameters obtained in case of SrWO4 nanoparticles for RhB and MB sorption have been 

listed in Table 6.5. 
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Table 6.5: Pseudo-first order and Pseudo-second order kinetic models for dye sorption 
 

on SrWO4 and Y2WO6 nano particles (10 mg sorbent, pH 2) 
 

Sorbent Dye qe, exp Pseudo-first order kinetic model Pseudo-second order kinetic model 
  (mg/g)       
         
   qe, cal k1 R2 qe, cal k2 R2 
   (mg/g) (min

-1
)  (mg/g) (g/mgmin)  

SrWO4 RhB 30 39 0.005 0.5244 30.3 6x 10-3 0.9993 
 MB 50 80.9 0.138 0.7788 56 1.71x 10-3 0.9866 

Y2WO6 RhB 100 64 0.07 0.7963 111 8 x 10-3 0.9883 
          
 

 

The higher R
2
 values indicate that the pseudo-second order kinetic model fit quite well with 

the experimental data and moreover the calculated and experimentally obtained qe values 

show a better match in this case [312,313]. Similarly, from kinetic modeling it could be 

deduced that RhB sorption on Y2WO6 nanoparticles follow pseudo second order kinetics, 

which indicates the possibility of chemisorptions as the rate limiting step [289].In order to 

understand the complex process of adsorption as well as the time dependent diffusion 

mechanism, the kinetic results were further analyzed by fitting them into the Weber and 

Morris intraparticle diffusion model as shown below [314].Here kid (mol g
-1

 min
-0.5

) is the 

rate constant for intraparticle diffusion and C is the intercept. The plot obtained for RhB 

sorption on Y2WO6 is shown in Fig. 6.10a. 
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Fig. 6.10: Webber Morris plot for (a) RhB sorption on Y2WO6, (b) RhB sorption on 

SrWO4 and (c) MB sorption on SrWO4. Also Boyd plot for (d) RhB sorption on Y2WO6 

and (e) MB sorption on SrWO4 

 
Piecewise linear regression of the data showed that the plot has three distinct regions. The 

first linear portion included the sorption period of 0−7 min, which represents external mass 

transfer and this has slope of 46 mg/g/min
0.5

. The second linear portion included the sorption 
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period of 7-22 min, representing intraparticle diffusion with a slope of 10.42mg/g/min
0.5

. The 

third linear portion included the time period of 22 -32 min, which indicated 

adsorption−desorption equilibrium with a slope of 2.06 mg/g/min
0.5

. As the plots do not cross 

the origin it is possible that both intraparticle diffusion and external mass transfer occur 

simultaneously. However, the ratio of the rate constants of external mass transfer to 

intraparticle diffusion was about 4:1. So, the overall sorption process was controlled by 

external mass transfer rather than intraparticle diffusion. Similarly, the Webber Morris plot 

obtained for RhB sorption on SrWO4 also shows three distinct regions with slopes of 4.6 

mg/g/min
0.5

, 1.62 mg/g/min
0.5

 and 0.2 mg/g/min
0.5

 representing external mass transfer, 

intraparticle diffusion and adsorption−desorption equilibrium, respectively (Fig. 6.10b). In this 

case, also the plot indicates that both intraparticle diffusion and external mass transfer occur 

simultaneously. The overall sorption process was controlled by external mass transfer since the 

ratio of the rate constants of external mass transfer to intraparticle diffusion is about 3:1. In 

case of MB sorption on SrWO4, the Webber Morris plot shows three distinct regions (Fig. 

6.10c) with slopes of 13.1 mg/g/min 
0.5

, 8.5 mg/g/min
0.5

 and 6.6 mg/g/min
0.5

 and do not pass 

through the origin. However, the ratio of the rate constants of external mass transfer to 

intraparticle diffusion was about 1:1, which indicates that the overall sorption process was 

controlled by both external mass transfer and intraparticle diffusion. Efforts have been made to 

identify the slowest step in the adsorption process by using the Boyd plot. 

 
Here F represents the fraction of solute adsorbed at any time, t (min), as calculated from F = 

qt/q0. The Boyd plot obtained for RhB sorption on Y2WO6 is shown in Fig. 6.10d. The Boyd 

plots do not pass through the origin, confirming the involvement of external mass transfer in 

the entire adsorption process. This result again confirmed the rate controlling mechanism of 

adsorption stated in Weber −Morris kinetic model study. The value of Bt calculated from slope 
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is found to be 0.0085 min
-1

. From the values of the r obtained from the size of the particles of 

Y2WO6, the diffusion coefficient (Di) calculated was around 1.1x 10
-8

 cm
2
s
−1

. From literature 

it is known that if external mass transfer of adsorbate across the liquid film to the adsorbent 

exterior surface is to be the rate-controlling step, the value of Di should be in the range of 

10
−6−10−8

 cm
2
s
−1

, and if intraparticle diffusion is the rate limiting step, the Di value should 

be in the range of 10
−11−10−13

 cm
2
s
−1

[315]. In the sorption studies of RhB by Y2WO6, the 

calculated values of Di is corresponding to that reported for the external mass transfer process 

which is in accordance with the Webber Morris Model (Fig. 6.10a).Fig. 6.10e shows the Boyd 

plot obtained for MB sorption on SrWO4. The major role played by external mass transfer in 

the entire adsorption process is confirmed since the plot does not pass through the origin. 

From the graph, the value of Bt and Di was found to be 0.1724 min
-1

 and 1.21x 10
-9

 cm
2
s
−1

, 

respectively. Since the Di values do not fit in any of the two ranges given above, it can be 

inferred that in this case, both external mass transfer process and intraparticle diffusion is 

playing a role. This is in accordance with the Webber Morris Model as shown in Fig. 6.10c. 

 
6.4.7 Insight of sorption mechanism based on sorbent structure 

 
An idea about the sorption mechanism of RhB and MB dyes on the SrW, SrM, YW and YM 

nanoparticles could be deduced from the zeta potential measurements which indicates that the 

negative surface charge on the tungstates and molybdates acts as an attractive force for these 

cationic dyes. The different rates of sorption for RhB and MB exhibited by YM highlight that 

high surface area of the nanostructures is not playing a major role in the sorption process. 

From Figure 6.2a and 6.2b, more efficient sorption of both dyes is seen on SrM compared to 

SrW. The kinetic data modeling on SrW indicates a pseudo second order process which points 

towards chemisorptions. Both SrW and SrM have scheelite type tetragonal structures with 

[WO4]/ [MoO4] tetrahedral and [SrO8] bisdisphenoids building blocks where the bonds 
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between O-W-O/O-Mo-O and O-Sr-O atoms projects out of the unit cell [316,317]. The 

greater attraction of SrM for the cationic dyes can be attributed to the lower electro negativity 

of Mo
+6

 compared to W
+6

 which renders higher electron density on the oxygen atom of the 

Mo-O bond. Fig. 6.2a also indicates the higher sorption affinity of YM for RhB dye compared 

to YW. Monoclinic YW has three non equivalent Y
3+

 lattice sites with two [YO8] and one 

[YO7] units linked via [WO6] octahedral [318]. In case of YM, the unit cell comprises of two 

crystallographically independent Y
3+

 cations as well as three ortho- oxomolybdate (VI) 

tetrahedral [MoO4]
2-

 units. In the YM polyhedral, the [Y4Mo4O12]
12+

 units are arranged in 

sheets parallel to (001) and separated by the remaining [MoO4]
2-

 groups [319]. The larger 

incidence of [MoO4]
2-

 groups on the unit cell surface in case YM compared to YW, provides 

higher number of binding sites for the RhB dye. Analysis of the structures of RhB and MB 

dyes (Fig. 6.11 (a-b) indicates that additional binding to the YM surface is possible in case of 

RhB via hydrogen bond formation utilizing the –COOH group [320]. Hence YM shows a 

higher sorption affinity for RhB compared to MB dye. This has been confirmed by recording 

the FTIR spectra of pure YM and 100 ppm RhB adsorbed YM sample (Fig. 6.11c). 
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Fig. 6.11: Structure of (a) Rhodamine B, (b) Methylene blue, (c) FTIR of unloaded 

Y2Mo3O12 and RhB loaded Y2Mo3O12 and (d) regeneration efficiency of all four sorbents 

for 20ppm RhB sorption 
 

 

The broad band between 950-600 cm
-1

 observed for pure YM can be assigned to the various 

Mo-O, O-Mo-O and Mo-O-Mo symmetric and asymmetric stretching vibrations present in the 

MoO4 tetrahedra [321]. For the solid RhB dye, peaks at 1710 cm
-1

 , 3420 cm
-1

 ,1340 cm
-1

 and 

1645 cm
-1

has been assigned to C=O,O-H (adsorbed water),N-aryl and C N stretching, 

respectively [322]. In case of present case RhB adsorbed YM sample, the C=O stretching 

appears as a broad peak centered at 1705 cm
-1

 and is very much weakened compared to that of 

the benzene ring at 1589 cm
-1

, indicating the involvement of the C=O group in hydrogen bond 

formation during the sorption process [323,324]. From the tabulated values(Table 6.2), it can 

be  inferred  that  the  strontium/yttrium  tungstates/molybdates  exhibit  much  faster  kinetics 

compared to CAC with lower amount of sorbent and mostly higher optimum concentration of 

dyes. The best results have been obtained for the sorption of MB/RhB by SrMoO4 and RhB by 

 
Y2Mo3O12 samples. 
 
6.4.8 Regeneration of sorbents 

 
For practical applicability of the sorbents, it is essential to check their multicyclic sorption 

properties. The thermal regeneration studies on our sonochemically synthesized SrW, SrM, 
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YW and YM nanoparticles have been carried by heating the freeze-dried dye sorbed 

nanoparticles in a tubular furnace flushed with air. Complete removal of the dye was observed 

by heating the samples at 250°C for 15min. The heat treated sorbents were further used for 

sorption studies using 20ppm RhB solution. The process was repeated for six cycles and the 

results are shown in Fig. 6.11d. The efficiency of sorption remains almost unaffected after six 

cycles for all the four sorbents indicating their stability. Hence though the sorption process 

points towards chemisorptions, it can be inferred that the bonds formed are not very strong 

since regeneration of the sorbents is possible by mild heat treatment. 
 
6.5. Conclusions 

 
A facile route to synthesize tungstates and molybdates of strontium/yttrium has been established. 

The morphology of the samples has been analyzed using TEM and formation of nanospindles and 

nano spherical particles were seen in case of strontium and yttrium tungstates/molybdates, 

respectively. The highest surface area of 77.2(±1.5) m
2
g

-1
 was obtained in case of Y2Mo3O12 

nanoparticles. The negative surface charge on the nanoparticles at pH 2-3 could be confirmed from 

zeta potential measurements. The sorption behavior of all the four samples for cationic dyes (RhB 

and MB) has been studied and it was observed that Y2Mo3O12 and SrMoO4 showed highest 

sorption capacity for RhB dye. In case of Y2Mo3O12, the higher affinity for RhB uptake compared 

to MB in acidic pH has been attributed to additional binding of RhB to the nanoparticle surface via 

hydrogen bond formation. Though the tungstates have relatively less sorption capacity compared 

to molybdates, Y2WO6 exhibits better affinity for both dyes compared to SrWO4. The preferential 

sorption of RhB compared to MB exhibited by SrWO4 has been exploited and its selective 

sorption of RhB from a 30ppm mixture of RhB and MB dye has been demonstrated. The sorbents 

could be regenerated by heat treatment at 250°C for 15min and reused with no loss in sorption 

efficiency for six cycles. The molybdates 
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of strontium and yttrium also exhibit good sorption of Cu(II) ions at acidic pH of 3. Y2Mo3O12 

shows the highest uptake with 98% removal of 100ppm Cu(II) ions within 150 min. Both 

Y2Mo3O12 and Y2WO6 shows good uptake of 
137

Cs at acidic pH indicating that the surface 

charge plays a crucial role in the sorption process. From the above observations, it can be 

concluded that among the four samples, sonochemically synthesized Y2Mo3O12 nanoparticles 

exhibits superior sorption characteristics for uptake of dyes, heavy metal ions like Cu(II) and 

radioactive 
137

Cs. 
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Chapter 7 
 

 

Summary and future scope 



 



In this dissertation work, synthesis, characterization of several nanomaterials and subsequent 

uptake studies for radionuclide specifically U(VI),Cs(I),Sr(II) and heavy metal ions such as 

Cr(VI)), Cu(II), Ni(II), Zn(II), Co(II), Fe(II) etc. have been performed by using batch sorption 

method. In the beginning the introduction chapter gives brief description regarding 

nanomaterial’s application as sorbent and earlier workers experimental finding with advantage 

and disadvantages as a part of literature survey. Physical and chemical properties of 

Radionuclide and heavy metal ions special mention to U(VI), Cs(I), Sr(II) and Cr(VI), Cu(II) 

have been given. Their impact on human and environment has also been discussed in detail. 

 
Various synthesis method for preparing nanomaterials and their property evaluation for 

characterization using different techniques has been elaborated in chapter 2. Suitable 

convenient bottom-up methods such as combustion, co-precipitation, and sonochemical 

method were employed for synthesis of various nanomaterials in the present study. However, 

other method of synthesis can also be used for a better size tuning properties. The powder 

form can be further modified to an extent so that it can be used in column experiment under 

dynamic conditions with a varied range of pH. 

 
The next four chapters give an account of uptake studies using these synthesized 

nanomaterials as potential sorbents for radionuclide and heavy metal ions uptake. 

Uranium(VI), radioactive cesium(I) and strontium(II), hexavalent chromium and copper(II) 

removal from synthetic low level liquid waste were carried by a series of nanomaterials such 

as manganese dioxide, nano molybdate and tungstate of strontium and yttrium, bare magnetite, 

oleic acid coated magnetite, and silica coated magnetite. The major findings and conclusions 

from this work are summarized as follows: 
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(i) Nano crystalline manganese oxide was prepared by the hydrolysis of KMnO4 and it 

was found to have a size of 8 nm and surface area of 145 m
2
g

-1
. Due to the high 

surface area, the sorption property of the nano manganese oxide was found to be 

excellent. It was found that the sorption was achieved at different pH values and 

with varying time of equilibration. Thus it is seen that the kinetics was an 

important aspect for the possible separation of metal ions. However, it was seen 

that the interferences was severe when metal ions were in low trace levels. Thus 

nano manganese oxide was found to be a good room temperature sorbent. The 

present study showed that the kinetics of sorption are different and hence there is a 

possibility of removing the transition metal ions from a solution mixture containing 

these along with uranium, thus leaving behind a nearly pure uranyl ion solution. 

Thus the favored sorption properties of the nano manganese oxide with respect to 

the transition metal ions can be used for the purification of mixture of ions. It is to 

be noted that the manganese oxide used in the present study has been used as such 

without any modification. The maximum capacity obtained in the present study is 

comparable to mesoporous silica sorbents but is less compared to polyacrylic ester 

resins. However, the main aspect of these results showed that there is a possibility 

of using the nano manganese oxide as room temperature sorbent for separation. 

 
(ii) Nano magnetite and nano magnetite-haematite composite samples have been 

prepared for cesium(I) and strontium(II) uptake studies. Low concentration of up to 

100 ppm of cesium and strontium solution and 0.1 g of nano-composite material 

for a maximum contact time of 1 h ensures nearly 100 percent removal of cesium 

and strontium. In order to prevent nano-aggregate and to minimize iron leaching in 
 

the filtrate, coating was done on magnetic samples by a long chain fatty acid like 
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oleic acid and silica. The magnetic property study shows the presence of super-

paramagnetism in these samples which is very effective in environmental concern 

as because the separation of material is very quick through an external magnet. The 

point of zero charge for nano magnetite was at pH 7.2 and for the nano-composite 

magnetite-haematite was at pH 2.7 and at pH 6.9, attributed to biphasic nature of 

this sample. This biphasic condition helps the sorption efficiency in the alkaline 

condition. It appears that RP, Sips model and Freundlich isotherm models 

dominate, for all the error function selection methods. The comparison table shows 

that for cesium sorption onto magnetite is better explained by RP models than 

Freundlich model which was best fit by linear regression method. For oleic acid 

coated magnetite, RP and Sips model dominate the better suitability, whereas DR 

model has been best fit by linear regression. This change is also seen in silica 

coated magnetite case, where both RP and Freundlich models were favored than 

the other model. Thus linear regression and the non-linear regression analytical 

results give two different models as the best-fitting isotherm for the given set of 

data. This indicates a surprising difference between the analytical methods. For the 

simplicity of linear regression sometimes chemical analysis leads to inaccurate 

results which are not good for design and development of sorption system. 

 
(iii) The potential of as prepared nano manganese oxide has also been established for 

uptake of Cs(I),Sr(II) and Cr(VI) ions from simulated waste water. The sorption 

isotherm mainly follows Langmuir isotherm and the kinetics follows pseudo 

second order model for all the metal ion sorption. Intraparticle diffusion model 

may have a role in Sr(II) sorption also. Although the temperature effect has not 
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been studied but it can be inferred from isotherm studies that the sorption may 

occurs via chemisorptions. In a very low metal ion concentration this nano MnO2 

can be used for effective removal of specific contaminants like Cs(I),Sr(II) from 

Low level environmental radioactive solutions and Cr (VI) solution from industrial 

effluent. 

 
(iv) A facile route to synthesize tungstates and molybdates of strontium/yttrium has 

been established. The morphology of the samples has been analyzed using TEM 

and formation of nano spindles and nano spherical particles were seen in case of 

strontium and yttrium tungstates/molybdates, respectively. The highest surface area 

of 77.2m
2
g

-1
 was obtained in case of Y2Mo3O12 nanoparticles. The negative 

surface charge on the nanoparticles at pH 2-3 could be confirmed from zeta 

potential measurements. The molybdates of strontium and yttrium exhibit good 

sorption of Cu (II) ions at acidic pH of 3. Y2Mo3O12 shows the highest uptake with 

98% removal of 100ppm Cu (II) ions within 150 min. Both Y2Mo3O12 and 

Y2WO6shows good uptake of 
137

Cs at acidic pH indicating that the surface charge 

plays a crucial role in the sorption process. The sorption behavior of all the four 

samples has been extended for cationic dyes (RhB and MB) and it was observed 

that Y2Mo3O12 and SrMoO4 showed highest sorption capacity for RhB dye. In case 

of Y2Mo3O12, the higher affinity for RhB uptake compared to MB in acidic pH has 

been attributed to additional binding of RhB to the nanoparticle surface via 

hydrogen bond formation. Though the tungstates have relatively less sorption 

capacity compared to molybdates, Y2WO6 exhibits better affinity for both dyes 

compared to SrWO4. The preferential sorption of RhB compared to MB exhibited 
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by SrWO4 has been exploited and its selective sorption of RhB from a 30ppm 

mixture of RhB and MB dye has been demonstrated. The sorbents could be 

regenerated by heat treatment at 250°C for 15min and reused with no loss in 

sorption efficiency for six cycles. From the above observations, it can be concluded 

that among the four samples, sonochemically synthesized Y2Mo3O12 nanoparticles 

exhibits superior sorption characteristics for uptake of dyes, heavy metal ions like 

Cu (II) and radioactive 
137

Cs. 

 
In future these nano materials such as nano MnO2, bare magnetite, coated magnetites can be a 

potential candidate to be used as a deep geological repository material for U(VI),Cs(I) and 

Sr(II) ions retention. The potential for these materials of an engineering scale needs to be 

evaluated. Their beads with suitable polymers need to be prepared and evaluated for column 

experiments under dynamic conditions. 
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